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Wheat rusts have been important throughout
the history of wheat cultivation and are cur-
rently important diseases that are responsible
for regularly occurring yield losses in wheat.
New races of wheat rusts have recently
emerged worldwide, complicating efforts to
develop rust resistant cultivars. A

Wheat leaf rust, caused by the rust fungus
Puccinia triticina Eriks., is the most common
and widespread rust of wheat worldwide.
Although the alternate host is not present in
North America, P. triticina 1s highly diverse
for virulence as many races are found
annually.

Many leaf rust resistance genes no longer
provide effective resistance since virulent
leaf rust races have been selected by resistant
cultivars. Resistance gene Lr34 has provided
non-race-specific resistance for many years
in wheat cultivars grown worldwide. Gene
Lr46 and other characterized sources of
adult-plant partial resistance have also pro-
vided durable resistance to leaf rust. Wheat
cultivars with high levels of resistance can be
developed by combining Lr34, Lr46, and
other effective resistance genes.

(4)- Wheat stripe rust, caused by Puccinia striifor-

mis Westend. f. sp. tritici Eriks., is an impor-
tant disease in areas where wheat grows and
matures in cool temperatures. The occur-
rence of wheat stripe rust has increased in the
southern-mid Great Plains and the south-
eastern states of the US. Although an alter-
nate host has never been found, P. stritformis
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f. sp. tritics is highly diverse as many differ——T
ent races are found worldwide.

Race-specific stripe rust resistance genes have
been rendered ineffective due to the increase of
virulent races. Wheat cultivars with adult-plant
resistance genes such as Y7/§ that condition
non-race-specific partial resistance or genes that
condition high-temperature adult-plant resis-
tance (HT'AP) have had long-lasting resistance
to stripe rust. Wheat cultivars with durable
resistance to stripe rust can be developed by
using combinations of these resistance genes.
Wheat stem rust, caused by Puccinia graminis
Pers.:Pers. f. sp. tritici Eriks. & E. Henn., is
potentially a highly destructive disease of
wheat. The alternate host, Berberis vulgare,
has largely been eradicated from North
America, reducing the number of stem rust
races. Major epidemics of wheat stem rust
occurred periodically from 1900 to 1954 in
North America, causing severe yield losses.
The widespread cultivation of stem rust
resistant winter wheat and spring wheat since
the 1950s has greatly reduced the population
size of P. graminis f. sp. tritict, resulting in
many fewer stem rust infections annually.
Wheat cultivars with the adult-plant non-race-
specific resistance gene S72 have had durable
resistance to stem rust. Stem rust races with
virulence to Sr3/ and S»38 have recently been
found in eastern Africa. These races are viru-
lent to many CIMMYT cultivars with Sr37/
and also have virulence to many US wheat
cultivars. Gene SrZ2 and other sources of resis-
tance can be used to develop cultivars with
resistance to these stem rust races.

89




‘

90

Section Il Making of a Wheat Crop

INTRODUCTION

The rusts of wheat are among the most important
and common diseases of wheat in the US and
worldwide. Rust has afflicted wheat for thousands
of years as references to wheat rust can be found
in the Bible and the classical literature of ancient
Greece and Rome (Chester 1946). In the early
20th century widespread epidemics of wheat
rusts provided the impetus for early advances
in genetics of disease resistance in plants, epide-
miology of plant pathogens, and genetics of host—
parasite interactions. Today the rust diseases
continue to cause regular yield losses worldwide,
threatening the sustainable production of wheat.
The continuing evolution of virulent rust races in
response to the release of rust resistant wheat
cultivars poses a constant challenge to wheat
researchers.

WHEAT LEAF RUST

Distribution and epidemiology

Leaf rust, caused by Puccinia triticina Eriks., is
the most common and widely distributed of the
three rust diseases of wheat. In the US, leaf rust
is commonly found on soft red winter wheat
grown in the southeastern states and Ohio Valley
region, on hard red winter wheat from Texas to
South Dakota, and on hard red spring wheat in
South Dakota, North Dakota, and Minnesota.
Leaf rust also occurs on spring wheat that is
grown in California, and to a lesser extent on
winter and spring wheat in Oregon, Washington,
and Idaho. Worldwide, leaf rust is a major conti-
nent-wide disease in the western prairies of
Canada; the South American region of Argentina,
Chile, Brazil, and Uruguay (German et al., 2007);
the Central Asia region of northern Kazakhstan
and Siberia; southern and central Europe; the
Middle East; and parts of the Indian Subconti-
nent (Roelfs et al., 1992). Leaf rust is less wide-
spread and occurs at a local level in eastern and
western Australia, China, eastern Africa, and in
South Africa.

Leaf rust is characterized by the uredinial stage
of small round, brown to orange pustules that
occur on the upper and lower leaf surfaces, and
less frequently on the leaf sheaths (Color Plate 9).
The pustules remain discrete, without coalescing.
The uredinia are capable of producing up to 3,000
urediniospores per day (Roelfs et al., 1992) if the
host plant tissue remains healthy. The uredinio-
spores are 20 [Um in diameter, echinulate, dikary-
otic (n+n), wind-disseminated, and deposited in
rain events on host plants in the immediate vicin-
ity and potentially also on hosts hundreds of kilo-
meters distant. The urediniospores germinate on
wheat plants, producing the specialized infection
structures of appressoria, germ tube, and penetra-
tion peg (Harder 1984) that allow the fungus to
penetrate the host stomata. Further specialized
structures, the substomatal vesicle and haustoria,
are produced which allow the fungus to obtain
nutrients from host mesophyll cells without
killing them. Infectious hyphae of the fungus
spread throughout the mesophyll layer. Leaf rust
infections are initially visible as faint flecks on leaf
surfaces 3—4 days after inoculation. Uredinia
erupt and break through the epidermal leaf surface
8-10 days after initiation of the infection process.
The clonally produced urediniospores can cycle
indefinitely on wheat hosts.

Resistance responses to leaf rust are character-
ized by small uredinia surrounded by necrosis, or
by an abundance of hypersensitive flecks pro-
duced in response to infection (Color Plate 9).
Non-hypersensitive resistance is characterized by
fewer and small uredinia compared to a suscepti-
ble response. As the uredinia age, teliospores are
formed in the uredinia. Teliospores are dark,
16 pm wide, and thick walled and have two
dikaryotic cells. The pycniospores and aecio-
spores, which are spore stages associated with
sexual reproduction on alternate hosts, are not
produced on the wheat host.

Leaf rust infections occur in the US during
September to November on fall-planted winter
wheat from Texas to South Dakota, and from the
Gulf Coast states to North Carolina. Ieaf rust
infected volunteer winter wheat plants that
survive the summer are the inoculum source for
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the fall-planted winter wheat crop. The optimal
conditions for infection are temperatures near
20 °C with free moisture on the leaf surface for at
least 8 hours, and 25 °C is the optimal tempera-
ture for growth. Overnight periods of dew forma-
tion are optimal for germination of urediniospores.
The infection process can occur at temperatures
from 2 to 30 °C; however, longer periods of dew
are required at the lower temperatures. Tempera-
ture and moisture conditions in the fall months
throughout much of the winter wheat region of
the US allow P. triticina to become established
over a large geographical area.

Throughout the US winter wheat region leaf
rust inoculum sources are a combination of (i)
infections that survive the winter either as ure-
diniospores or mycelia and (i) windblown ure-
diniospores carried in the southerly winds from
infected winter wheat to the south. The relative
importance of overwintering infections and exog-
enous sources of inoculum will vary based on
conditions in the fall that affect leaf rust infection,
temperatures during the winter that allow leaf
rust to survive, and the maturity of the crop.
Wheat cultivars with later maturity will be more
affected by leaf rust infections from exogenous
sources. Severe epidemics result from the combi-
nation of overwintering leaf rust infections, wind-
blown urediniospores deposited in rain events,
regular dew periods, and temperatures. greater
than 25 °C during the time when winter wheat is
breaking dormancy and resuming growth and
development.

In south Texas and along the Gulf Coast,
winter temperatures often exceed 20 °C, with
only infrequent freezes. In this region where P.
triticina regularly overwinters, leaf rust can reach
high severity levels in March and April (Roelfs
1989). From Oklahoma to eastern Virginia, winter
temperatures usually do not exceed 20 °C and
freezing temperatures are common. In this area
leaf rust overwinters in isolated pockets, resulting
in foci of leaf rust infections that are apparent in
the spring when temperatures are regularly above
20 °C and leaf rust is rapidly increasing. Leaf rust
severities in this region usually reach maximum
levels in April and mid-May. In the area from

Kansas north to South Dakota and east to the
Ohio Valley, winter low temperatures range from
—10 to —20°C, and high temperatures rarely
exceed 15°C. Leaf rust can survive in winter
wheat in this region as mycelium resulting from
infections during the fall months. The overwin-
tering survival of leaf rust in this region is
also dependent on adequate snow cover to protect
the wheat leaves from freeze damage during
periods of extreme low temperatures. Leaf rust
severities are at maximum levels in May in Kansas
to June in South Dakota and the Ohio Valley
states.

In Minnesota, South Dakota, and North
Dakota, leaf rust infection on the spring wheat is
usually first observed in mid-to-late June, with
maximum severity levels in mid-to-late July.
Daytime temperatures in the summer in this
area are often greater than 25 °C, with frequent
rain events and dew periods. All leaf rust infec-
tions on spring wheat originate from windblown
urediniospores from winter wheat growing in the
southern Great Plains or from local fields of
winter wheat. Leaf rust epidemics in the spring
wheat region are most severe when initial infec-
tions occur at the tillering stage, which allows
additional generations of urediniospores to infect
the crop.

Origin and historical importance

Puccinia triticina was introduced to North America
with the first agricultural settlements and wheat
cultivation in the early 17th century (Chester
1946). The origin of P. triticina is likely the Fertile
Crescent region of southwest Asia and the Middle
East (Wahl et al., 1984), which is also the origin
of diploid, tetraploid, and hexaploid wheat. The
most susceptible alternate host of P. triticina is
Thalictrum speciosissimum (= Thalictrum flavum),
which is native to southern Europe, western Asia,
and Turkey. It is likely that the center of origin
of P. triticina is a region where the alternate and
telial hosts overlap, which would be southwest
Asia.

In early rust research in the US, the impor-
tance of leaf rust was not recognized since all yield
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losses due to rust in wheat were then attributed
to stem rust (caused by P. graminis Pers.:Pers. f.
sp. tritict Eriks. & E. Henn.). A common attitude
was that P. triticina caused little or no damage to
wheat (Chester 1946). This mistaken opinion was
most likely because the disease only affected the
leaves, did not cause grain shriveling, and was not
visible when the grain was harvested. Replicated
yield loss studies in field plots with sulfur or fun-
gicide treatments determined that leaf rust was a
major cause of yield loss in wheat.

Mains (1930) examined the importance of leaf
rust on yield in the 1920s and determined that the
commonly grown soft red winter wheat cultivars
that were susceptible to leaf rust suffered losses
that ranged from 25% to over 90%. Even a resis-
tant cultivar had losses over 10% due to the pre-
mature death of heavily infected flag leaves.
Caldwell et al. (1934) determined that seven
winter wheat cultivars which varied from resis-
tant to susceptible suffered losses from 15%
to 28% due to leaf rust infections. In the early
hard red winter wheats Johnston (1931) showed
that resistant and susceptible cultivars suffered
maximum losses of 22% and 55%, respectively,
due to leaf rust. In 1938 leaf rust caused a yield
loss of 25%—30% statewide in Oklahoma (Chester
1939). In hard red spring wheat in Canada, losses
due to leaf rust were over 50% in susceptible
cultivars and from 12% to 28% in resistant cul-
tivars (Peturson et al., 1945; Samborski and
Peturson 1960). Chester (1946) developed a pre-
dictive curve for estimating yield loss due to leaf
rust based on the growth stage in which wheat
was defoliated, using data from 68 yield studies.
Losses ranged from an average of 10% if defolia-
tion occurred in the dough stage of grain develop-
ment to an average of 95% if defoliation occurred
in the jointing stage. In a test with isogenic spring
wheat lines that differed by only a single leaf rust
~ resistance gene, Dyck and Lukow (1988) showed
“=a 22% difference in yield between the resistant
and susceptible lines. Martin et al. (2003) deter-
mined that isolines of winter wheat that had resis-
tance genes Lr4] and Lr42 had a 63% and 26%
yield increase compared with lines that lacked
these genes. Herrera-Foessel et al. (2006) esti-
mated yield losses over 50% due to leaf rust

in durum wheat (7. turigidum ssp. durum) in
Mexico.

Leaf rust continues to cause regular losses in
present-day wheat cultivars. In 2007 yield loss
due to leaf rust in the hard red winter wheat crop
in Kansas was estimated to be 14% (Kansas
Department of Agriculture, Topeka, Kansas).
Khan et al. (1997) developed a yield loss model
for southern US soft red winter wheat that pre-
dicted a 1% yield.loss for every 1% increase in
rust severity at the milky-ripe stage of grain
development. Leaf rust resistance is a high prior-
ity in wheat germplasm developed at the Interna-
tional Maize and Wheat Improvement Center
(CIMMYT). Wheat production in Africa, South
America, and Asia where CIMMYT wheat germ-
plasm is grown has suffered 1%-20% losses due
to leaf rust (Marasas et al., 2004). CIMMYT has
estimated a 27 : 1 benefit-to-cost ratio for develop-
ment of leaf rust resistant wheat cultivars. This
same study also determined that breeding for leaf
rust resistance in wheat was economically justified
even if yield losses in areas with yields of 4 t ha™
were only 0.2%-0.8%.

Effects on grain and flour quality

In the study by Caldwell et al. (1934) 75% of the
yield loss to leaf rust was due to reduced number
of kernels per head. Susceptible winter wheat cul-
tivars with leaf rust infection had 14%-17%
fewer kernels than the same cultivars treated
to control rust. In their study the weight of
individual kernels was also 6%—7% lower in the
leaf-rust-infected treatments, and kernel weight
was reduced from 1.5% to 12%, depending on
the resistance level of the cultivar. Martin et al.
(2003) showed that kernel weight decreased by
9%-14% in susceptible winter wheat lines com-
pared with their resistant isolines. Other studies
with susceptible and resistant spring wheat
types showed a larger effect, with a 6%-39%
reduction in kernel weight (Waldron 1936,
Peturson et al., 1945). Leaf rust infections that
occur before flowering will result in fewer kernels
per head, while infections that occur during
grain filling will result in lighter kernels (Chester
1946). Thus different yield components may
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be affected by leaf rust in winter wheat compared
with spring wheat.

Leafrustinfection generally reduces the protein
content in harvested grain (Caldwell et al., 1934,
Peturson et al., 1945, 1948; Dyck and Lukow
1988), although in some tests protein content was
unaffected or increased. In spring wheat heavy
leaf rust infection generally resulted in flour with
increased loaf volume (Peturson et al., 1945) and
farinograph absorption (Dyck and Lukow 1988).
Color of harvested grain and flour was also affected
by leaf rust. In spring wheat yellow pigmentation
of the flour was increased (Peturson et al., 1945);
in winter wheat, increased yellow pigmentation
of the grain was noted (Caldwell et al., 1934).
Everts et al. (2001) determined that leaf rust
affected the softness equivalent parameter and
may reduce flour yield of soft red winter wheat.
Reduced flour yield due to leaf rust was also
determined in some tests with spring wheat
(Peturson et al., 1945).

Taxonomy, life cycle, and host range

Leaf rust on wheat was originally placed in the
highly complex species of P. rubigo-vera by Winter
(1884). Leaf rusts with telial hosts on grasses and
alternate hosts in the Boraginacea were placed
into this single species. Eriksson (1899) described
the leaf rust on wheat as a single species, P. tri-
ticina. Jackson and Mains (1921) determined that
the most compatible alternate host for leaf rust on
wheat was Thalicirum flavuum (= Thalictrum spe-
ciosissimum), which is in the Ranunculaceae.
Mains (1932) preferred to group leaf rust of wheat
within the complex group of P. rubigo-vera. Based
on nondiscrete spore morphology and host range,
Cummins and Caldwell (1956) also chose to place
_leaf rust of wheat within a complex species, P.
recondita, with alternate hosts in Boraginacea and
also Ranunculacea. In North America most rust
workers referred to leaf rust on wheat as P. recon-
dita f. sp. tritici, while in Europe leaf rust on
wheat was placed in the more narrowly defined
species of P. triticina Eriks. (Savile 1984) based
on small and consistent differences in spore
morphology.

D’ Oliveira and Samborski (1966) conducted
infection experiments of telial grass hosts with
aeciospores derived from naturally infected plants
of Thalictrum speciosissimum and Anchusa spp. and
other genera in the Boraginacea in Portugal. They
showed that the leaf rusts that differed for infec-
tion on Thalictrum speciosissimum, and hosts in the
Boraginacea, also differed for telial hosts. Anikster
et al. (1997) showed that the leaf rust from
common wheat (7. destivum ssp. aestivum), wild
emmer wheat (7. turgidum ssp. dicoccoides), and
durum wheat belonged to a distinct group with
the alternate host Thalictrum speciosissimum. A
second distinct group of leaf rusts with alternate
hosts in the Boraginacea and telial hosts of wild
wheats and rye was also described. The two
groups could not be successfully crossed using
either Thalictrum speciosissimum or alternate hosts
in the Boraginacea. Based on these results, it was
apparent that the leaf rust on wheat is a distinct
species from the other leaf rusts on wild wheats
and rye..Puccinia triticina Eriks. has since been
used by most workers to describe leaf rust on
wheat.

Puccinia triticina is a macrocyclic rust (Webster
1980) with five distinct spore stages on two taxo-
nomically distinct hosts. The teliospores on wheat
leaf tissue germinate to produce haploid basidio-
spores that are clear and hyaline. The basidio-
spores infect the alternate host, producing haploid
pycnia that appear as circular yellow pustules
on the upper leaf surface. The pycnia produce
haploid pycniospores, which are carried by insects
or rain to other pycnia. Fertilization in the pycnial
structures occurs with the transfer of nuclei from
pycniospores to flexuous hyphae in compatible
combinations of opposite mating types. After fer-
tilization dikaryotic aecia develop on the under-
side of the leaf beneath the pycnial infections.
Aecial cups are produced in the aecia, from which
dikaryotic aeciospores are released and wind-
disseminated to infect wheat or other telial hosts.
Infections from aeciospores result in production
of urediniospores. Sexual reproduction in P. tri-
ticina has been observed in Portugal (d’ Oliveira
and Samborski 1966), where one of the alternate
hosts, Thalictrum speciosissimum 1s commonly
found. However, throughout most of the world
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the disease is spread by the asexual cycling of
dikaryotic urediniospores on wheat, as suitable
alternate hosts are usually not present. In North
America the native Thalictrum spp. are resistant
to basidiospore infection (Jackson and Mains
1921; Saari et al., 1968). Infected plants of Thal-
wctrum with aeciospores that were pathogenic to
wheat have been reported in northern Kazakh-
stan. Isopyrum fumarioides has been noted as an
alternate host of P. triticina in Siberia (Chester
1946).

Worldwide the primary host of P. triticina is
common hexaploid wheat. Leaf rust caused by P.
triticina has also been observed on tetraploid
durum and emmer wheats in Europe, South
America, Israel, Ethiopia, and Mexico (Ordofiez
and Kolmer 2007b), and diploid Aegilops speltoides
(Yehuda et al., 2004) in Israel. Puccinia triticina
is also present on wild goatgrass, Ae. cylindrica,
in the southern Great Plains of the US. For
all of these nonhexaploid wheat hosts, only
certain races or virulence phenotypes of P.
triticina were pathogenic to these hosts, indicating
a high degree of telial host specificity in P.
triticina. Infections of P. triticina have not been
noted in natural stands of wild wheat relatives
such as Ae. sharonensis, T. timopheevi, Ae. tauschii
(syn. T. tauschir), or T. monococcum, but infections
can be obtained on these species in inoculated
greenhouse tests. A different species of leaf rust,
designated as P. tritici-duri with Anchusa spp.
as the alternate host, occurs on durum wheat
in Morocco (Viennot-Bourgin 1941; Ezzahiri
et al., 1992).

Genetic variation in P. triticina
Virulence variation

_Annual nationwide surveys of leaf rust virulence
‘phenotypes have been conducted in Canada since
1931 (Johnson 1956) and in the US since 1926
(Johnston et al.,, 1968). The wheat cultivars
Malakof with Lr/, Webster (Lr2a), Carina (Lr2b,
LrB), Loros (Lr2c), Brevit (Lr2¢, LrB), Hussar
(Lr11), Democrat (Lr3), and Mediterranean (LrJ3)
were designated as the International Standard set

of leaf rust differentials and were used in the early
race identification studies. Virulence phenotypes
of P. triticina are currently identified in the US
by testing single-pustule isolates for virulence to
near-isogenic lines of “Thatcher’ wheat with genes
Lrl, Lr2a, Lr2c, Lr3, Lr9, Lrl6, Lr24, Lr26,
Lv3ka, Lrll, Lrl7, Lv30, LrB, Lrl0, Lrl4a, Lri8,
Lr21, Lr28, and winter wheat lines with L4/ and
Lr42 (Long and Kolmer 1989; Kolmer et al.,
2007b). Puccinia triticina and wheat interact in a
gene-for-gene manner (Samborski and Dyck
1968). For each Lr gene in wheat there is a cor-
responding locus in P. triticing with alleles that
condition avirulent responses in the presence
of host resistance genes and alternate alleles
that condition virulent responses in the presence
or absence of resistance genes (Kolmer and
Dyck 1994). The range of seedling infection
types in the Thatcher isogenic lines is shown in
Color Plate 9b. In the US, up to 70 different viru-
lence phenotypes are identified annually (Kolmer
et al., 2007a), with the three most common phe-
notypes accounting for 25%-30% of isolates.
Similar surveys of virulence phenotypes in P.

triticina are conducted in Canada (McCallum
and Seto-Goh 2006), in Australia at the Plant
Breeding Institute at Cobbity, and in France
(Goyeau et al., 2006).

The high degree of virulence variation in 2.
triticina in North America is directly related to
the presence of susceptible hosts and the contin-
ual use of race-specific leaf rust resistance genes
in the different classes of wheat. In the southern
US many winter wheat cultivars that are initially
resistant become susceptible to leaf rust due to the
emergence and increase of virulent leaf rust races.
The susceptible winter wheat cultivars allow a
very large population of P. rriticina to become
established over a wide geographical area in the
fall and survive during the winter. Mutations to
virulence to leaf rust resistance genes are a recur-
rent event in such a large population. Since iso-
lates of P. triticina are highly heterozygous for
virulence alleles (Samborski and Dyck 1968;
Kolmer 1992), a single mutation in an avirulent
isolate would be sufficient to gain virulence to a
resistance gene.
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The wheat cultivars Renown with gene Lr/4a
(1937) and Pawnee with Lr3 (1943) were the first
cultivars with race-specific leaf rust resistance
genes to be released in Canada and in the
US, respectively. Previous to the release of
these cultivars, leaf rust Race 9 (International
Standard race designation), which is avirulent
to both genes, was the most common race
throughout both Canada (Johnson 1956) and
the US (Johnston et al., 1968). Race 9 declined
in frequency during the 1940s and is currently
only rarely found on common wheat in North
America, occurring almost exclusively on Ae.
¢ylindrica. Isolates with virulence to Lr3 and
Lri4a rapidly increased in Canada and the US.
Subsequently the release of winter and spring
wheat cultivars with additional race-specific Lr
genes has resulted in a highly diverse P. triticina
population.

The cultivar Mediterranean with LrJ is a major
ancestor to soft red winter wheat. Genes Lr9,
Lr10,Lrll, Lr12, Lrl8, Lr24, and Lr26 have been
present in soft red winter wheat cultivars that are
grown in the southern and eastern US (Kolmer
2003). The presence of these genes over time has
selected leaf rust isolates with corresponding vir-
ulences in the southern and eastern US. Many of
the early hard red winter wheats were derived
from crosses with ‘Hope’ (Lr/4a), Pawnee (Lr3),
and Mediterranean (Lr3). Currently, hard red
winter wheat cultivars in the southern to central
Great Plains region have genes Lr9, Lrl6, Lrl7,
Lr24, Lr26, Lr4l, and Lr42, and possibly Lr34.
Hard red spring wheat cultivars in the northern
Great Plains have genes Lr/, Lr2a, Lrl10, Lrl3,
Lr16, Lr23, and Lr34 (Oelke and Kolmer 2004).
The selection and increase of leaf rust races with
virulence to these genes in the different wheat
classes has resulted in distinct regional popula-
tions of P. triticina virulence phenotypes in the
US. In 2005 (Kolmer et al., 2007b) the frequency

“of isolates with virulence to genes Lr2a and Lrl6
were highest in the north central spring wheat
region; virulence to genes Lr/1, Lrl8, and Lr26
was highest in the southern soft red wheat region,
and virulence to Lr24 and Lr4] was highest in the
hard red winter wheat region.

Molecular variation

Genetic variation in populations of P. triticina has
also been examined using various types of genetic
markers. Molecular markers have the attribute of
being. neutral and thus not directly selected, as
virulence to specific resistance genes is. Molecu-
lar markers can be used to assess the underlying
genetic variation among isolates within and
between populations, . providing further insight
into the genetic relationships between different
populations. In Canada phenotypes of P. triticina
that were identical or closely related for virulence,
had identical or highly related random amplified
polymorphic DNA (RAPD) phenotypes (Kolmer
et al., 1995). Major groups of P. triticina isolates
could be determined based on either virulence
polymorphism or RAPD polymorphism since
there was a significant correlation between the
two types of markers. Isolates of P. triticina
from international collections were also grouped
into distinct groups based on continental region
and virulence and RAPD polymorphism (Kolmer
and Liu 2000). Park et al. (2000) showed that
multiple isolates of the same virulence phenotype
of P. triticina from different countries in western
Europe also had identical RAPD phenotypes.
The relationship between virulence phenotype
and molecular polymorphism is maintained
since P. triticina reproduces throughout the
world almost exclusively by asexual uredinio-
spores. In an experimental population of P. tri-
ticina derived from aeciospores, the disequilibria
between individual virulence and RAPD
markers was often eliminated or reduced (Liu and
Kolmer 1998b).

In 1996 isolates of P. triticina with virulence to
Lr17 began to increase in the Great Plains region
of the US (Long et al., 2000) and Canada (Kolmer
1998). These isolates were selected by the winter
wheat cultivar Jagger with Lr/7, which has been
widely grown throughout Texas, Oklahoma,
Kansas, and Nebraska. The isolates with Lr/7
virulence were unique in that they were also viru-
lent to Lr3bg and LrB, and avirulent to Lr28. By
2001 these isolates had become widespread in
almost all wheat growing regions of North
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Ameérica and were the most common virulence
phenotypes in the US. Further analysis with
(amplified fragment length polymorphism AFLP)
markers (Kolmer 2001a) indicated that the iso-
lates with Lr/7 virulence had very distinct molec-
ular phenotypes compared to all other isolates in
North America. This indicated that the isolates
with Lr/7 virulence were most likely introduced
to the Great Plains region from either Mexico or
the Pacific Northwest and were not derived by
mutation from the previously existing population.
New virulence phenotypes of P. triticina were also
introduced to Australia in the mid-1980s (Park
et al., 1995). In recent years a virulence pheno-
type of P. triticina with virulence to many
durum cultivars has been found in France, Spain,
Mexico, Argentina, and Chile (Singh et al., 2004;
Ordofiez and Kolmer 2007b). This virulence
phenotype may have had a single origin.and sub-
sequently spread to the other durum producing
regions.

Recently locus-specific microsatellite or simple
sequence repeat (SSR) markers have been devel-
oped for P. triticina (Duan et al.; 2003; Szabo and
Kolmer 2007). These markers can be used to
determine molecular genotypes of P. triticina
since heterozygotes can be distinguished from
homozygotes. The SSR markers have been used
to differentiate P. triticina populations in Central
Asia (Kolmer and Ordofiez 2007) and to describe
genetic diversity in P. triticina populations in
France (Goyeau et al., 2007). These locus-specific
markers will be extremely valuable for assessing
genetic variation in P. friticina and patterns of
migration between populations in different conti-
nental regions.

Leaf rust resistance in wheat
Race-specific resistance

The tremendous amount of genetic variation for
virulence in P. iriticina populations combined
with the ability of urediniospores to be wind-
disseminated over thousands of kilometers has
made breeding for stable leaf rust resistance in
wheat a continually challenging task. Time and
again wheat cultivars with a single race-specific
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gene for leaf rust resistance have been quickly
rendered susceptible because of the selection and
increase of virulent leaf rust races. In the south-
eastern states since the mid-1970s, Lr9 derived
from Ae. umbellulata, Lrl] derived from Hussar

“_wheat, and L/ derived from various common

wheats, have been widely used in soft red winter
wheat cultivars and have selected phenotypes of
P. triticina with virulence to these genes (Fig.
5.1a). Currently Lr/ and Lrll do not provide
effective resistance, and cultivars with Lr9 are
moderately resistant, but this resistance would
quickly erode if cultivars with Lr9 were grown
over a larger area.

In Texas and Oklahoma isolates with virulence
to Lr! quickly increased in the late 1970s and
early 1980s after the release of cultivars with this
gene (Fig. 5.1b). Virulence to Lr24 appeared
shortly after the release of the hard red winter
wheat cultivar Agent with L724 in 1971. By the
mid-1970s virulence to Lr24 was common in the
winter wheat region of the Great Plains. In the
mid-1980s the cultivar Siouxland with Lr24 and
Lr26 was widely grown from Texas to South
Dakota. Isolates with virulence to Lr24 and Lr26
increased up to the early 1990s. Starting in 2002
isolates with virulence to Lr24 increased again
due to widespread cultivation of ‘Jagalene’, with
Lr24. Although Lr24 was originally derived from
Ae. elongarum, and Lr26 from Secale cereale, the
nonwheat origin of both genes did little to enhance
their durability of resistance. The cultivar Jagger,
released in the mid-1990s with L»/7, selected iso-
Jates with virulence to this gene, as these reached
nearly 90% of isolates in Texas and Oklahoma in
2001. Isolates of P. triticina with virulence to
Lr4l, derived from Ae. tauschii, were found even
before winter wheat cultivars with this gene were
released in the late 1990s in the southern Great
Plains. Isolates with virulence to "Lr4]/ have
increased such that cultivars with this gene
(‘“Thunderbolt’, ‘Overley’, and ‘OK Bullet’) are
now susceptible to leaf rust.

Selection of isolates for virulence to specific
resistance has also occurred in the spring wheat
region of Minnesota, North Dakota, and South
Dakota, even though leaf rust does not frequently
overwinter in this area. Cultivars with Lr/ and
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Lr2a were widely grown in this region starting in
the mid-1970s. Isolates with virulence to both
genes increased rapidly and were over 65% in the
early 1990s (Fig. 5.1c). Virulence to Lr/6 has
increased from the mid-1990s since many current
spring wheat cultivars have this gene. In Australia
cultivars with either combination of genes Lr/3,
Lr23, and Lr34 or genes Lrl, Lrl3, and Lr23 are
currently resistant to leaf rust (Bariana et al,
2007). Cultivars with various combinations of
Lri3, Lr24, L34, and Lr37 are considered mod-
erately susceptible to leaf rust.

Leaf rust resistance genes up to Lr60 have been
designated (Mclntosh et al., 2007). Genes Lr/
(Cloutier et al., 2007), Lr/0 from common wheat
(Feuillet et al., 2003), and Lr2! from Ae. tauschii
(Huang et al. 2003) have been sequenced. The
three genes have NBS-LRR regions typical of
resistance genes with isolate specificity. Genes
Lrl and Lr10 are widely ineffective, and Lr2! has
provided effective resistance in spring wheat cul-
tivars in the US and Canada. Isolates with viru-
lence to Lr2] would be expected to increase if this
gene was used in a winter wheat cultivar in the
US. Many of the other Lr genes for which viru-
lent isolates of P. riticina have not been found
have also not been widely used in wheat improve-
ment programs.

Durable leaf rust resistance in wheat

The development of wheat cultivars with high
levels of effective durable resistance will depend
on genes that confer nonspecific resistance or
gene combinations that have proven to be effec-
tive over time. The cultivar Frontana released in
Brazil in 1946 has been a valuable source of
durable nonspecific leaf rust resistance. Dyck et
al. (1966) backcrossed leaf rust resistance from
Frontana into Thatcher. Backcross lines with the
adult-plant gene Lr/3 were characterized, yet
none of the lines was as resistant as Frontana
because an additional gene was needed to recover
the original resistance in Frontana. Dyck and
Samborski (1982) characterized gene Lr72 in a
group of wheat cultivars that included ‘Terenzio’
and Frontana. Later, Lr72 was determined to
be the additional gene in Frontana, designated

as Lr34, and mapped to chromosome 7DS
(Dyck 1987). Singh and Rajaram (1992) deter-
mined that Frontana also carries other genes
besides Lr34 that condition adult-plant leaf rust
resistance. Frontana was used as a leaf rust resis-
tant parent in spring wheat programs in Minne-
sota and also-at CIMMYT. The Minnesota
cultivar Chris ‘was derived from crosses with
Frontana and released in 1966 as the first spring
wheat in the US t6 have Lr34. The CIMMYT
cultivars Penjamo 62, Lerma Rojo, and Nainari
60 also had Lr34.

Wheat lines and cultivars with Lr34 optimally
express leaf rust resistance in the adult-plant
stage. Isolates of P. triticina with complete viru-
lence to lines with Lr34 have not been found in
North America (Kolmer et al., 2003, McCallum
and Seto-Goh 2006), despite the presence of
wheat cultivars with Lr34 for over 40 years. In
field plots lines with only Lr34 can have moderate
to high levels of leaf rust severity, although these
can usually be distinguished from completely sus-
ceptible lines if leaf rust readings are made when
known susceptible lines are at near-terminal
severity (Color Plate 9a). Lines with Lr34 can also
express resistance in seedling plants at cooler
temperatures (Singh 1992b; Pretorius et al.,
1994). The presence of Lr34 enhances the

‘response of other effective resistance genes in

the same wheat genotype (German and Kolmer
1992). The presence of Lr34 is also associated
with a distinctive leaf-tip necrosis (Singh 1992a)
that can vary between genotypes and environ-
ments. Wheat cultivars with other Lr genes com-
bined with Lr34 are often more resistant than
lines with only Lr34 or the other genes singly.
Spring wheat cultivars with combinations of
Lrl3, Lri6, and Lr34 were highly resistant in
Canada (Samborski and Dyck 1982; Liu and
Kolmer 1997) and the US (Ezzahiri and Roelfs
1989).

Diagnostic molecular markers closely linked to
Lr34 have been developed (Bossolini et al., 2006;
Lagudah et al., 2006) that will greatly simplify
selection of breeding materials with Lr34. In a
survey of wheat classes in the US using the Lr34
marker ¢sLV34, the allele associated with the
presence of Lr34 was completely absent in soft
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Table 5.1 US wheat cultivars tested for the presence of csLV34 alleles and Lr34.
Class Cultivar cslV34®  Lr34° Class Cultivar ~ c¢sLV34  Lr34
Soft red winter Fultz - Hard red spring Thatcher - -
Monon - Chris +
Knox62 - _ N Era + +
Arthur - - Waldron -
Caldwell - - o ‘ Marshall +
CK 9663 - - Wheaton + +
Pioneer 26R61 - - Butte 86 -
Saluda - . - Grandin + +
McCormick - " Norm + +
NC Neuse - Russ -
Pocahontas - Oxen +
S5§550 - BacUp -
Keene -
Hard red winter T.riumph - Eggger B
Bison - Alsen + +
S.COUt 66 B Briggs + +
Sl‘ouxland - Steele _
Victory - Oklee +
Sturdy + + Glenn _
Ogallala +
Duster + Pacific Northwest spring wheat  Alpowa -
Santa Fe® + Alturas -
Fuller® + Hank -
2137 - Hyak -
Overley - Jefferson -
Deliver + Madsen -
Endurance - Nick -
Cutter - Scarlet -
TAM 107 - Stephens -
Source: Adapted from Kolmer et al. (2008).
%+ = allele associated with Lr34; — = allele associated with lack of Lr34.
®+ = genetic analysis indicated presence of Lr34; — = Lr34 not present; blank indicates not tested.

‘Winter wheat cultivars derived from ‘Jagger’ may lack Lr34 yet have the csLV34 allele associated with Lr34.

red winter wheat (Table 5.1). The allele associ-
ated with Lr34 was most common in spring wheat
cultivars bred for the northern Great Plains, was
present at low frequency in older and current
hard red winter wheat cultivars, and was not
present in cultivars from the Pacific Northwest.

. The CIMMYT cultivar Pavon 76 has provided
an additional source of nonspecific adult-plant
leaf rust resistance. The adult-plant resistance
gene Lr46 in Pavon 76 is on chromosome 1BL
(Singh et al., 1998). Gene Lr#6 is likely present
in CIMMYT germplasm that has been selected
for adult-plant resistance to leaf rust. Cultivars
and germplasm with combinations of Lr34, Lr46,

and additional adult-plant resistance can be highly
resistant, approaching complete immunity (Singh
et al., 2000). Development of diagnostic molecu-
lar markers associated with Lr46 (Rosewarne et
al., 2006) will aid in selection of lines with this
adult-plant resistance.

Combinations of adult-plant resistance genes
with Lr genes effective in seedlings can also
provide good levels of durable leaf rust resistance.
The Minnesota spring wheat cultivar Norm
released in 1992 has remained highly resistant to
leaf rust. Norm was determined to have genes
Lrl, Lrl0, Lrl3, Lrl6, Lr23, and Lr34 (Oelke and
Kolmer 2005). Genes Lrl, Lr10, and Lrl3 are
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now widely ineffective, but isogenic Thatcher
lines with Lr/6, Lr23, and Lr34 have effective
resistance in field plots when compared to the
completely susceptible Thatcher (Oelke and
Kolmer 2004). Gene Lr23 is highly temperature-
dependent in expression of resistance. In ambient-
greenhouse temperatures of 15-25 °C, lines with ~
this gene expressed variable infection types
ranging from moderate to large uredinia to small
uredinia surrounded by necrosis (Dyck and
Johnson 1983). At 25 °C in growth cabinets, lines
with Lr23 expressed very low hypersensitive
infection types to US isolates of P. triticina.
Although P. triticina isolates with Lr/6 have been
detected in the spring wheat region of the US,
cultivars with this gene still have some resistance
in field plots (Oelke and Kolmer 2004). ‘Knudson’,
released by AgriPro-Coker in 2002, has also been
very resistant and was determined to have LrJ3,
Lr10, Lrl3, Lrl6, Lr23, and Lr34 (Kolmer and
Oelke 2006). Spring wheat genotypes with com-
binations of Lrl6, L#23, and Lr34 have shown
good levels of resistance that has not been signifi-
cantly eroded by virulence changes in the P.
triticina population.

Additional genes from wheat germplasm that
have shown good levels of durable resistance have
also been characterized. Barcellos et al. (2000)
determined that the Brazilian cultivar Toropi had
two genes that conditioned adult-plant leaf rust
resistance which were also associated with leaf-tip
necrosis. Mishra et al. (2005) determined that the
Indian cultivar C 306 had a single adult-plant
resistance gene associated with leaf-tip necrosis
that was independent of Lr34. The landrace-
derived cultivars from Uruguay, ‘Americano 25¢’
and ‘Americano 44d’, were shown to have unique
adult-plant resistance genes that were not Lr34
(Kolmer et al., 2007c). The Canadian spring
wheat cultivar AC Taber was determined to have
an effective adult-plant resistance gene other than
Lri3 or Lr34 (Liu and Kolmer 1997). Navabi
et al. (2003) estimated two to four effective
adult-plant resistance genes were present in five
CIMMYT lines.

Quantitative trait loci (QTLs) that affect resis-
tance in adult plants have also been mapped to

chromosome regions. Xu et al. (2005a,b) identi-
fied QTLs that affected final rust severity, infec-
tion rate, infection duration, and latent period on
chromosomes 2B, 7BL, and 2DS in the soft red
winter wheat germplasm line CI 13227. The
Swiss cultivar Forno was determined to have a
‘major QTL for adult-plant resistance on chromo-
some 1BS and minor regions for resistance on
2DL, 3DL, 4BS, and SAL (Schnurbusch et al.,
2004). These 4ddittonal sources of adult-plant
resistance can be used in wheat improvement pro-
grams to diversify germplasm for effective leaf
rust resistance.

Association with other disease resistance genes

An intriguing aspect of adult-plant leaf rust resis-
tance in wheat 1s an association with resistance to
other diseases of wheat. Lines with Lr34 also have
adult-plant, nonspecific resistance to stripe rust
(caused by P. striformis Westend. f. sp. tritici
Eriks.) (McIntosh 1992; Singh 1992c). The stripe
rust resistance associated with Lr34 has been des-
ignated as Y7/8. The Lr34 locus also exhibits a
pleiotropic effect on barley yellow dwarf virus
reaction (Singh 1993). Spielmeyer et al. (2005)
showed that lines segregating for adult-plant
resistance to leaf and stripe rust due to Lr34/
Yrl8 also had adult-plant resistance to powdery
mildew. The 7DS chromosomal region of Lr34
may condition a generalized nonspecific response
that acts against biotrophic wheat pathogens. The
adult-plant resistance gene Lr46 is also associated
with nonspecific stripe rust resistance, which has
been designated as Y729 (Williams et al., 2002).
Navabi et al. (2005) also showed that adult-plant
resistance genes other than Lr34/Yr!§ condi-
tioned resistance to both leaf rust and stripe rust.
Since adult-plant resistance to leaf and stripe rust
was highly associated, selection of germplasm
with resistance to both rust diseases could be
accomplished by testing for resistance to only one
disease.

The Minnesota spring wheat cultivar Thatcher
was released in 1935 on the basis of resistance to
stem rust and good breadmaking quality charac-
teristics (Hayes et al., 1936). Many subsequent
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spring wheat cultivars in Canada and the US
(Kolmer et al., 1991) have had stem rust resis-
tance derived from Thatcher. Dyck (1987) deter-
mined that isogenic lines of Thatcher with Lr34
had better seedling and adult-plant resistance to
stem rust than Thatcher. The Canadian wheat
cultivars Roblin (Dyck 1993) and Pasqua (Liu
and Kolmer 1998a) have some Thatcher in their
pedigrees and also have Lr34. In crosses derived
from both Roblin and Pasqua, progeny lines with
Lr34 have been associated with higher stem rust
resistance. A stem rust resistance suppressor on
chromosome 7DL. (Kerber and Green 1980) is
present in Thatcher and other Thatcher-derived
lines. Kerber and Aung (1999) determined that
Thatcher lines with Lr34 had the same stem rust
response as did Thatcher lines nullisomic for
7DL that lacked the suppressor. Hence Lr34
appeared to inactivate the stem rust resistance
suppressor.

Gavin-Vanegas et al. (2007) determined that
progenies derived from a Thatcher line with Lr34
crossed with a stem rust susceptible line segre-
gated for two effective stem rust resistance genes
in adult plants in the absence of Lr34, and segre-
gated for three genes when all progeny lines were
fixed for Lr34. In this study segregation of resis-
tance to stem rust races that had high infection
types to seedlings of Thatcher, but low infection
types to Thatcher lines with Lr34, was strongly
correlated with segregation of stem rust resistance
in adult plants to a mixture of stem rust races.
The presence of Lr34 allowed the expression of
additional stem rust resistance gene(s) in Thatcher
that were most likely derived from ‘Iumillo’
durum.

Thatcher and the cultivar Chris had low seed-
ling infection types to the stem rust isolate Ug-99,
which has appeared in eastern Africa and is highly
virulent to many US and CIMMYT wheat culti-
vars (Jin and Singh 2006). The stem resistance in
Chris is most likely due to the presence of stem
rust resistance derived from Thatcher that is
enhanced by the presence of Lr34. Thatcher lines
with Lr34 show good resistance to Ug-99 in field
plots in Kenya. Since so few current wheat culti-
vars have effective resistance to Ug-99, the
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Thatcher stem rust resistance enhanced by Lr34
may be an important future source of stem rust
resistance. '

Leaf rust resistance in durum wheat

Cultivated durum wheat is generally highly resis-
tant to the P. #riticina isolates found on common
wheat (7. aestivum L.). Genes Lrl4a derived
from ‘Yaroslav’ emmer (7. turgidum ssp. dicoc-
cum) and Lr23 dérived from ‘Gaza’ durum are
present in common wheat. Genes Lr/0 and Lr33
(Dyck 1994) may also be present in durum wheat.
Genetic studies of leaf rust resistance in durum
wheat to P. triticina isolates from common wheat
have often indicated the presence of one to two
seedling resistance genes that were expressed in a
recessive or dominant manner (Statler 1973;
Zhang and Knott 1990, 1993). Phenotypes of
P. triticina that are virulent to durum cultivars
were described in Mexico (Singh 1991). Using
isolates collected from durum wheat, Singh
et al. (1993) determined that a collection of
CIMMYT durum cultivars varied for seedling
resistance and adult-plant resistance genes. The
durum cultivar Altar C84 and three other durum
cultivars had a single gene that conditioned seed-
ling resistance, in addition to two adult-plant
resistance genes.

A severe epidemic of leaf rust on durum wheat
occurred during 2001-2003 in northwest Mexico
(Singh et al., 2004). New phenotypes of P. tritic-
tna had emerged that were highly virulent to Altar
C84. Increased levels of leaf rust infections were
also noted in France (Goyeau et al., 2006) and
Spain (Martinez et al., 2005). Isolates of P. tritic-
ina from durum wheat collected during 2002-
2004 in France, Spain, Mexico, Argentina, and
Chile were highly similar for virulence to the Lr
genes in the Thatcher isogenic lines, a collection
of durum cultivars (Ordofiez and Kolmer 2007b),
and for molecular SSR variation (Ordofiez and
Kolmer 2007a), suggesting a recent common
origin. Singh et al. (2004) identified CIMMYT
durum germplasm that was resistant to the new
P. triticina durum virulent phenotypes in Mexico.
The resistant lines were also resistant in the other
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countries where higher infections of leaf rust on
durum wheat had occurred.

Herrera-Foessel et al. (2005) described up to
five genes in nine CIMMYT durum lines that
conditioned resistance to the P. triticina race that
was virulent to Altar C84. Herrera-Foessel et al.
(2007) determined that one of these genes mapped
to the L73 locus on chromosome 6B, and a second
resistance gene was closely linked to the Lr3
locus.

WHEAT STRIPE RUST

Distribution and epidemiology

Stripe rust is an important disease of wheat
worldwide. The disease has been reported in
more than 60 countries and has caused yield losses
in Africa, Asia, Australia, New Zealand, Europe,
North America, and South America (Stubbs
1985; Chen 2005). In the US the disease has been
most common in states west of the Rocky Moun-
tains since the late 1950s but has become increas-
ingly frequent in the eastern and midwestern
states since 2000 (Chen 2005). In recent years
significant losses in wheat due to stripe rust
have been reported in California, Oregon,
Washington, Idaho, Montana, Colorado, Texas,
Oklahoma, Kansas, Nebraska, South Dakota,
Louisiana, Arkansas, Missouri, Alabama, and
Georgia.

Stripe rust infection can occur at any growth
stage when green plant tissue is available. The
first visible symptom of infection appears as chlo-
rotic spots that resemble viral symptoms. Ure-
dinia of stripe rust are yellow to orange in color;
thus the disease is commonly called yellow rust.
Stripe rust uredinia, 0.3-0.5 mm by 0.5-1.0 mm,
are much smaller than uredinia of stem rust and
leaf rust. Uredinia can form on both sides of
leaves but are more abundant on the upper surface
(Color Plate 10). Uredinia can also form on leaf
sheaths, glumes, awns, and on immature green
kernels. Uredinia form in patches around infec-
tion sites on seedlings and are arranged in stripes
between leaf veins on adult plants. Depending on
the level of plant resistance, uredinia can be sur-

rounded by chlorosis or necrosis on seedling
leaves. On adult-plant leaves of highly susceptible
plants, uredinia continue to develop in stripes
from the initial infection sites, without necrosis or
chlorosis. On resistant cultivars, necrotic stripes
develop from the initial infection sites. Responses
on resistant wheat genotypes vary from no visible
symptom to various sizes or lengths of necrotic
patches or stripes-with varying amounts of sporu-
lation (Color Plate 10b). Uredinia erupt to release
urediniospores. Fach uredinium can produce
thousands of urediniospores over a period of days.
Urediniospores are spherical, 15~20 um in diam-
eter, and echinulate.

Urediniospores are dispersed mainly by wind
but also can be spread by insects, animals, and
humans. A minimum of three hours of dew for-
mation on the plant surface is needed for uredin-
iospores to germinate and infect plants (Rapilly
1979). The optimum temperatures for spore
germination are 10-12°C, and the minimum
temperature for germination is just above 0°C
(Newton and Johnson 1936). Urediniospores do
not germinate well when the temperature is above
20°C. Germ tubes penetrate into plant tissue
through stomata without forming appressoria as
in other wheat rusts (Marryat 1907; Allen 1928).
After a germ tube passes through a stoma, it forms
a substomatal vesicle, from which branched
hyphae grow intercellularly. Haustoria are formed
from the hyphae and grow into host cells. The
uredinia are produced from intercellular hyphae
and emerge on the plant surface. Under optimum
temperature conditions (13-16 °C), it takes 1213
days from initial infection to sporulation of new
uredinia (Hungerford 1923). Stripe rust will con-
tinue to produce new uredinia and urediniospores
in stripes further up and down the leaf from the
initial site of infection.

Urediniospores are the sole initial inoculum
source for the stripe rust pathogen. Initial inocu-
lum can be local and/or from outside a region
depending upon climatic conditions that influ-
ence survival of stripe rust during the summer or
winter. In the Pacific Northwest of the US and
the adjacent area of British Columbia and Alberta
in Canada, the stripe rust fungus is able to survive
during the summer and winter most years. In this
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region, urediniospores can be found at almost
any time of year, especially west of the Cascade
Mountains where the mild winters and cool
summers are favorable to stripe rust survival. The
cool night temperatures and dry conditions during
summer in the major wheat growing areas east of
the Cascade Mountains allow urediniospores to
retain viability for extended periods. Uredinio-
spores that are produced in late summer and early
fall from spring wheat fields, volunteer plants,
and grasses infect the winter wheat crops. The
fungus overwinters in plant tissue as mycelia
and often as viable urediniospores on plants
(Hungerford 1923). According to Rapilly (1979),
stripe rust can survive temperatures as low as —
10 °C. Snow cover provides favorable conditions
for both the wheat plants and stripe rust to survive
the winter. Heavy local survival of the stripe rust
pathogen over the winter will lead to early
epidemic development in the spring. Stripe rust
forecasting models based on December and
January temperatures have been successfully used
in the Pacific Northwest to predict stripe rust
epidemics (Coakley et al., 1982, 1984; Line 2002,
Chen 2005).

Stripe rust can also overwinter in regions with
cold winters. Stripe rust can be endemic in the
Gallatin Valley and Flathead Lake areain Montana
(Sharp and Heln 1963) where the fungus has
overwintered. In 2006, stripe rust severity was
unusually high in Alberta but light in the US
Pacific Northwest, indicating winter survival of
the rust in Alberta. In North Dakota and Minne-
sota stripe rust generally does not overwinter.
However, in 2006, stripe rust was observed at St.
Paul, Minnesota, on April 26, a month earlier
than the first observation of the disease at Pullman,
Washington, and also much earlier than reports
of the disease in Missouri, Illinois, and Indiana,
which indicated that the pathogen survived the
2005-2006 winter in Minnesota. The cold winters
and hot summers in the northern Great Plains
region usually limits stripe rust development in
this region.

In California stripe rust regularly overwinters
and survives the summer on wheat crops
and grasses at high elevations along the coast
(Tollenaar and Houston 1966), and on wheat
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grown as forage or cover crops. Survival of stripe
rust on volunteer wheat plants in irrigated fields
resulted in a widespread epidemic in California in
1974 (Line 1976). Northeastern California, where
stripe rust oversummers, may be a source of inocu-
lum’ for southern Oregon, southern Idaho, and
northern Utah, as well as for central California.
Stripe rust inoculum is exchanged among Califor-
nia, Arizona, New Mexico, and northwestern
Mexico. .

The stripe rust pathogen generally does
not survive the summers in the Great Plains,
Mississippi Valley, and the southeastern states
due to extended hot and humid conditions and the
long period between harvest and planting of wheat
crops. The late-planted wheat crops at high eleva-
tions in Mexico may provide initial inoculum for
infection in the fall in the southern Great Plains
(Line 2002). Wheat crops in the Rocky Mountain
areas from Colorado to western Texas may con-
tribute stripe rust inoculum to the Great Plains.
Stripe rust infections occur soon after emergence
of wheat in the late fall and early winter in Texas,
Louisiana, Arkansas, and Mississippi. If stripe
rust occurs, it usually develops slowly in the winter
and at a faster rate in the early spring, providing
inoculum for areas further north and east. The
scope and severity of epidemics depend on inocu-
lum in the south, on wind directions, and on tem-
perature and moisture conditions in the region
east of the Rocky Mountains. Stripe rust has been
reported in New York, but has never caused sig-
nificant damage north of Ohio and Virginia.

Origin and historical importance

Stripe rust of wheat is a long established disease
in Asia and Europe (Stubbs 1985). Stripe rust was
first recognized in the US in 1915 in Arizona
(Carleton 1915). However, examination of her-
barium specimens has indicated that the disease
was present in the western US before 1892
(Humphrey et al., 1924) and possibly occurred in
California in the 1700s (Smith 1961). The
Caucasus region is the presumed origin of stripe
rust (Stubbs 1985; Line 2002).

From 1957 to 2005, the US experienced four
waves of regional epidemics of stripe rust. The
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first was from 1958 to 1961, and the epidemics
were concentrated in the Pacific Northwest and
California. Severe epidemics of wheat stripe rust
occurred in 1960 and 1961 in Washington
(Hendrix 1994) and in 1961 in Oregon (Shaner
and Powelson 1971). Stripe rust also was severe
in Idaho and Montana (Pope et al., 1963) in those
years. In California, the yield losses were esti-
mated at 28%-56% in the Sutter Basin north of
Sacramento (Tollenaar and Houston 1966).

The second period of stripe rust epidemics
occurred from 1974 to 1978. In 1974, California
had an 8% yield loss in wheat production. In
1976, yield losses were 17% in Washington, 13%
in Oregon, and 11% in Idaho. The third wave of
epidemics occurred from 1980 to 1984. In 1980
and 1981, stripe rust epidemics were widespread
in the Pacific Northwest, and yield losses in
Washington were estimated to be 13% in 1980
and 11% in 1981. Oregon and Idaho had 5%-9%
yield losses during the same period. Yield losses
were reduced in 1980-1981 because of the wide-
spread use of fungicides. From the mid-1980s to
the late 1990s, yield losses caused by stripe rust
were reduced due to widely grown resistant cul-
tivars in the Pacific Northwest and California and
the use of fungicides. Yield losses remained below
5% in the western US.

The most recent stripe rust epidemics occurred
from 1999 to 2005. In 1999, stripe rust caused a
7% yield loss in California but was not severe in
other states. In 2000, stripe rust was widespread
and caused severe damage in the south central
states with a 7% loss in Arkansas. In 2001 losses
in Kansas and Colorado were estimated to be 7%
and 8%, respectively. In 2003 states with major
yield losses were Kansas (11%), Nebraska (10%),
and California (219%). In 2005 stripe rust was very
widespread and occurred in more than 30 states,
with significant yield losses in Kansas (8%),
Texas (15%), Oklahoma (5%), Nebraska (4%),
California (5%), Arkansas (5%), and Louisiana
(5%).

Taxonomy, life cycle, and host range

Stripe rust on cereal crops and grasses is caused by
different formae speciales of P. striiformis, a basidio-

mycete rust fungus. The disease was first described
by Gadd in 1777 (Eriksson and Henning 1896).
Schmidt (1827) named the stripe rust fungus as
Uredo glumarum. Westendorp (1854) used P. stri-
aeformis for stripe rust collected from rye. Fuckel
(1860) described stripe rust as P. straminis.
Puccinia glumerum, as described by Eriksson and
Henning (1894), was used as the name for the
stripe rust fungus until Hylander et al. (1953)
revived the name P. strijformis Westend.

Since stripe rust pathogens on different cereal
crops and grasses are separated into different
Sformae speciales (Eriksson 1894), P. striiformis
Westend. f. sp. tritici Eriks. is considered the
valid name for the stripe rust pathogen infecting
wheat. In addition to wheat stripe rust, Eriksson
described stripe rusts on barley as f. sp. 4ordei, on
rye as f. sp. secalis, on Elymus spp. as f. sp. elymi,
and on Agropyron spp. as f. sp. agropyron. Later,
three more formae speciales were proposed: P.
strisformis £, sp. poae on Kentucky bluegrass
(Poa pratensis 1..) (Britton and Cummins 1956;
Tollenaar 1967), f. sp. dactylidis on orchardgrass
(Dactylis glomerata L.) (Manners 1960; Tollenaar
1967), and £. sp. leymi on Leymus secalinus (Georgi)
Tzvel (Niu et al., 1991). More recently, Wellings
et al. (2004) considered stripe rust on Hordeum
spp.- in Australia to be a new formae specialis, dif-
ferent from both P. stritformis f. sp. tritici and P.
strisformis £. sp. hordei. Not all these formae specia-
les are equally and clearly separated by host
specialization. Wheat stripe rust mostly infects
wheat but can infect some barley cultivars, while
barley stripe rust can infect some wheat cultivars.
However, stripe rust of barley does not infect
bluegrass, and bluegrass stripe rust does not infect
wheat or barley (Chen et al., 1995).

Puccinia strisformis has a hemicyclic life cycle of
urediniospores, teliospores, and basidiospores.
Teliospores are formed along the sides of uredinia
and are the same size and shape as urediniospores,
but have black cell walls. Teliospores form more
rapidly and more abundantly under hot and
humid conditions than under cool and dry condi-
tions. The barley stripe rust fungus (P. stritformis
f. sp. hordei) is more likely to produce telia than
P. stritformis . sp. tritici. Mature teliospores are
two-celled and become diploid with one nucleus
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in each cell. Teliospores germinate readily to
produce haploid single-celled basidiospores that
are unable to infect cereals and grasses. Despite
early intensive studies, an alternate host for P.
strivformis was not found (Eriksson and Henning
1894; Mains 1933; Tranzschel 1934; Straib 1937;
Hart and Becker 1939). Alternate host plants for
P. strisformis may not exist (Hassebrauk 1970), or
with the short dormancy of teliospores and readily
produced basidiospores, the alternate host may
escape infection (Wright and Lennard 1978;
Rapilly 1979). In the absence of an alternate host,
the teliospores and basidiospores are not func-
tional in the P. strizformis life cycle.
Puccinia strisformis £, sp. tritici is able to infect
a broader range of grass species than stem rust or
leaf rust. Hassebrauk (1965) listed about 320 grass
species of 50 genera in the Gramineae family that
were naturally or artificially infected by wheat
stripe rust. The most susceptible genera are Aegi/-
ops, Agropyron, Bromus, Elymus, Hordeum, Secales,
and Triticum. Some Aegilops spp., especially Ae.
cylindrica (common goatgrass), are highly suscep-
tible to stripe rust. These grasses near wheat fields
can contribute to stripe rust development as
sources of early inoculum, but have limited roles
in rust survival because they mature earlier than
wheat crops. The importance of grasses as hosts
in wheat stripe rust epidemics may vary from
region to region. Generally, wild grasses play a
less important role than wheat crops and volun-
teer wheat in the initiation, development, spread,
and survival of stripe rust. However, grasses can
serve as reservoirs in maintaining diversity of
stripe rust races.

Genetic variation in Puccinia
striiformis f. sp. tritici

Virulence variation

The wheat stripe rust pathogen is highly variable
for virulence to stripe rust resistance genes in
wheat. In 2000, 42 races of wheat stripe rust were
found in the US (Chen et al., 2002). Early studies
of physiological specialization in P. striiformis t.
sp. tritict used several sets of differential cultivars,
different inoculation methods, and varying envi-

ronmental conditions, which compromised conti-
nuity from year to year or among investigators.
The differential set used in Europe did not iden-
tify important races in the US (Line 2002). Line
et al. (1970) first developed a uniform system to
identify and describe races of the wheat stripe rust
pathogen in the US. The current differential set
includes 20 wheat cultivars and lines with various
combinations of genes Yr/, Yr2, Yr3a, Yréa,
Yro, Yr7, Y¥8 Y9, Yrl0, Yrl7, Yrl9, Yr20,
Yr2l, and other genes currently undesignated
(Chen et al., 2002). A total of 126 races of P. stri-
tformis f. sp. tritici has been identified since the
establishment of this US differential set (Line
and Qayoum 1992; Chen et al., 2002, 2007; Chen
2005, 2007).

The emergence of the majority of P. strizformis
f. sp. tritici races in the US can be related to selec-
tion by wheat cultivars with race-specific resis-
tance. Line and Qayoum (1992) discussed races
selected by widely grown wheat cultivars in the
US before 1987. The appearance and rapid devel-
opment of races with virulence to seedlings of the
cultivar Express caused yield losses in California
in 1999. The widely grown cultivars RSI 5,
Bonus, and Summit in California apparently
selected races with virulence to Yr/, Yr9 (on
the 1IRS.IBL wheat-rye translocation), and the
seedling resistance in Express. When these
cultivars were released they were highly resistant
to the previously detected races but became sus-
ceptible within a few years under commercial
production. The average length of time of a
cultivar with race-specific Yr genes retaining
effective stripe rust resistance is 3.5 years
(Chen 2005).

The soft winter wheat cultivar Stephens has
been very popular in the Pacific Northwest since
its release in 1978. Wheat stripe rust races with
virulence to seedlings of Stephens were first iden-
tified in 1977 (Line and Qayoum 1992) and since
then have been predominant in this region. Since
2004, races with virulence to Stephens and viru-
lence to Y79 have been predominant throughout
the US (Chen 2007). The widely grown cultivars
Jagger and Jagalene, which likely have stripe rust
resistance from Stephens, may have contributed
to the widespread occurrence of these races in the
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Great Plains region. Because Stephens, Jagger,
and Jagalene also have high-temperature adult-
plant (HTAP) resistance, these cultivars have not
been severely infected. However, races with Y79
virulence caused severe epidemics from 2000 to
2005 on susceptible cultivars that lacked any
effective resistance.

Other epidemics of stripe rust caused by the
introduction of new races are well documented.
The best example includes the introduction of the
wheat stripe rust pathogen to eastern Australia in
the late 1970s (Wellings and McIntosh 1987,
Wellings 2007), western Australian in 2002
(Wellings et al., 2003), and South Africa in the
mid-1990s (Pretorius et al., 1997). These long-
distance introductions of the wheat stripe rust
pathogen from one continent to another were
thought to be caused by inadvertent human activ-
ities. Once present in a new continent, stripe rust
spreads quickly to neighboring countries. This
was seen in the spread of the barley stripe rust
pathogen from Colombia to other South Ameri-
can countries and to Mexico and the US from
1975 to 1991 (Chen et al., 1995). The races with
virulence to Yr9 which have rendered many cul-
tivars with the 1RS.1BL wheat-rye translocation
highly susceptible to stripe rust were likely an
introduction from outside the US.

Since the group of races with Y79 virulence
appeared in the US in 2000, numerous new races
with additional virulence have subsequently been
found..In 2000, the most common races were

“_virulent to the differential lines ‘Lemhi’, ‘Heines

VIP, ‘Lee’, ‘Fielder’, ‘Express’, ‘AVS/6*Yr8’,
‘AVS/6*Yr9’, ‘Clement’, ‘Compair’, and
‘Produra’. Since then a large number of races with
additional virulence to the differential cultivars
Tres, Stephens, Yamhill, and Chinese 166 have
been detected (Fig.5.2). Races with virulence to
Stephens, Yamhill, ¥78, and Y79 have been the
most common races in the US since 2003. In the
Pacific Northwest, races with virulence to the cul-
tivars Moro (Y7/0 and YrMor) and Paha were
detected in 2005. These new races have caused
several previously resistant cultivars to become
susceptible, or they have reduced the resistance
level in cultivars with race-specific resistance and
non-race-specific HTAP resistance (Chen 2005,
2007).

Molecular variation

Chenetal. (1993) used RAPD markers to examine
molecular variation in P. striiformis f. sp. tritici.
DNA polymorphism was detected among races
and among single-spore isolates within races.
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Races with virulence to Yr/ differed for RAPD
markers from races avirulent to Y7/, indicating
different origins of the two groups of races. More
recently, Markell et al. (2004) used AFLP markers
to study the new wheat stripe rust races in the
south central states of the US. The new group of
races that was collected after 2000 was virulent to
Y78 and Yr9 and was clearly different for AFLP
genotype compared with races collected before
2000. The results, together with virulence
data (Chen et al., 2002; Chen 2005, 2007), indi-
cate that the new group of races was introduced
to the US.

In Europe, wheat stripe rust isolates with iden-
tical virulences and AFLP phenotypes have been
found in the UK and Denmark (Hovmoller et al.,
2002). A single population of P. stritformis f. sp.
tritici is present in northwest Europe with regular
migration of the rust from the UK to Germany
and France. In France two distinct populations of
P. striiformis £. sp. tritici in the north and south of
the country were described based on AFLP and
virulence variation (Enjalbert et al., 2005).

Stripe rust resistance in wheat

Working with stripe rust of wheat, Biffen (1905)
was the first to show that disease resistance in
plants was inherited according to Mendel’s laws.
His research provided the scientific basis for
breeding resistant cultivars to control stripe rust
and other plant diseases. Much of the early
research on resistance and genetics of stripe rust
resistance in wheat was conducted in Europe,
which was reviewed by Robbelen and Sharp
(1978). Lupton and Macer (1962) determined the
genetics of stripe rust resistance in seven wheat
genotypes and used the Y7 symbols to designate
resistance genes in wheat.

Breeding for stripe rust resistance in wheat in
the US had little incentive from insignificant
yield losses during the 40-year period after stripe
rust was discovered in 1915 (Line 2002). After the
widespread stripe rust epidemics in the early
1960s, wheat breeders and geneticists started
work on developing stripe rust resistant cultivars.
The first cultivar, Gaines, was released with
moderate stripe rust resistance in 1961 by Dr. O.

107

Vogel, a USDA-ARS scientist at Pullman, Wash-
ington. This cultivar, and the sister-line cultivar
Nugaines, laid the foundation for non-race-
specific HT AP resistance that is widely distrib-
uted among wheat cultivars grown in the Pacific
Northwest and other regions. Since the early
1960s, US scientists have conducted studies to
identify, chdracterize, and map stripe rust resis-
tance genes and to develop cultivars with stripe
rust resistance (Robbelen and Sharp 1978; Line
2002; Chen 2005).

Race-specific resistance

Stripe rust resistance genes up to Yr40 have been
designated (Mclntosh et al., 2007) and more than
30 genes with provisional designations have been
listed. Races of stripe rust with virulence to most
of the race-specific Yr genes have been found
(Chen 2005). Currently, only a few race-specific
Y7 genes that are expressed in seedling plants are
effective against all identified races in the US.
These genes include Y75, Yri15, Yr26, and Yr40
(Chen 2005; Kuraparthy et al., 2007).

Although Y7 genes that are race-specific are
generally not durable, the deployment of multiple
gene combinations either in homogeneous pure-
line cultivars, multiline cultivars, or cultivar mix-
tures can prolong the effective life span of the Y7
genes. The most successful example of using a
multiline cultivar to control stripe rust is Rely, a
club wheat cultivar widely grown in the US
Pacific Northwest since its release in 1991 (Allan
et al., 1993). Cultivar mixtures combine two or
more cultivars with different resistance genes in
the same field to reduce disease damage (Finckh
and Mundt 1992). Recently more than 30% of the
wheat acreage in Washington was planted to mix-
tures of two or three cultivars. This approach
reduces yield losses caused by stripe rust; it also
minimizes abiotic stresses such as winter and
drought damage. Many wheat breeding programs
in the US are currently combining resistance
genes, such as Y75 and Y7/5, into elite lines to
develop new cultivars with a high level of resis-
tance. In Australia, cultivars with combinations
of genes Yr6, Yr7, Yrl7, Yri8, and Yr33 are
common (Bariana et al., 2007).
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High-temperature adult-plant resistance

In contrast to race-specific resistance, HTAP
resistance cannot be detected in seedling plants.
Cultivars with only HTAP resistance are highly
susceptible in the seedling stage. At higher tem-
peratures in older plants resistance is most appar-
ent, with more resistance expressed in flag leaves
than in lower leaves. The typical HTAP resis-
tance in the spring wheat cultivar Alpowa is
shown in Color Plate 10b. The HTAP resistance
was first characterized by Line (1972) and further
described in later studies (Qayoum and Line
1985; Milus and Line 1986a,b; Chen and Line
1995a,b; Line and Chen 1995).

The HTAP resistance in Gaines and Nugaines
has remained effective for more than 40 years
under frequent stripe rust epidemic conditions.
Gaines and Nugaines were widely grown in the
Pacific Northwest until 1981 (Line 2002), when
new cultivars with higher levels of resistance were
developed. The cultivar Luke with a much higher
level of HT AP resistance than Gaines or Nugaines
was released in 1970. Currently, wheat cultivars
widely grown in the Pacific Northwest, such as
Stephens, ‘Madsen’, ‘Eltan’, and ‘Rod’ soft white
winter wheat, ‘Bauermeister’ hard red winter
wheat, and Alpowa, Express, and ‘Louise’ spring
wheat have HT AP resistance.

In the Great Plains, the widely grown cultivar
Jagger with HT AP resistance has reduced losses
to stripe rust in this region since 2000. Cultivars
with HTAP resistance have also reduced yield
losses compared with susceptible cultivars in
California and the south central states where
stripe rust develops in early growth stages (Uauy
et al., 2005). Cultivars with HTAP resistance can
affect the epidemiology of stripe rust, as stripe
rust infections on these cultivars produce fewer
urediniospores, thus reducing the overall level of
stripe rust inoculum. Increased use of cultivars
~with HTAP resistance will decrease inoculum
levels and thus reduce yield losses over a wide
geographic area.

To identify wheat lines with HT AP resistance,
adult plants should be tested at defined high (10—
35 °C) and low (420 °C) temperatures with stripe
rust races that are virulent to seedlings of the

same genotype. Data from field plots sometimes
indicate the presence of HTAP resistance, espe-
cially in areas where stripe rust infection occurs
in the seedling stage. However, a mixture of avir-
ulent and virulent races to specific Yr genes can
confound these results. Expression of HTAP
resistance can be influenced by temperature, by
growth stage at which infections first occur, and
by the amount of inoculum. Infection type and
disease severity :are most commonly used to
measure HTAP resistance. Infection types are
relatively stable, but can be affected by tempera-
ture and plant growth stage. Severity levels of
cultivars with HTAP resistance tend to vary
across regions and years due to differing levels of
rust inoculum and temperatures.

The genetics of HTAP resistance has been
studied in numerous wheat cultivars. Segregation
for stripe rust resistance in adult plants differed
from segregation in seedling plants, which indi-
cated that different genes control resistance in
different growth stages (Allan et al., 1966). Milus
and Line (1986a) determined that Gaines had one
gene and Nugaines and Luke had two genes for
HTAP resistance. Gaines and Nugaines had a
gene in common, but the HTAP genes in Luke
were different. Chen and Line (1995a,b) deter-
mined two to three genes or QTLs conferred
HTAP resistance in ‘Druchamp’ and Stephens.
The cultivars differed for HTAP resistance genes
and for race-specific resistance genes. In these
studies, HTAP resistance genes in all cultivars
were partially recessive and there was an additive
effect when two or more genes were present in a
genotype.

Several genes that condition adult-plant or
HTAP resistance have been reported (with their
known cultivar source): Yr/I (‘Joss Cambier’),
Yri2 (‘Frontier’), Yr/3 (‘Hustler’), Yrl4
(‘Kador’), Yrl6 (‘Bersee’), Yr/8 (‘Jupateco 73R’),
Yr29 (‘Pavon F76’), Yr30 (‘Opata 85°), Yr34
(‘WAWHT2046%), Yr36 (‘Glupro’), and Y739
(Alpowa). In addition a large number of QTLs
that condition HTAP or adult plant stripe rust
resistance have been characterized (Worland and
Law 1986; Chen et al., 1998; Boukhatem et al.,
2002; Chen 2005; Santra et al., 2006, William et
al., 2006; Chen and Lin 2007; Chen and Zhao
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2007; Chhuneja et al., 2007; Lin and Chen 2007).
The relative abundance of HT AP resistance genes
should facilitate incorporation of durable resis-
tance into adapted wheat germplasm.

In 1983, Roy Johnson defined durable resis-
tance as “resistance that remains effective in a
cultivar that is widely grown for a long period of
time in an environment favorable to the disease”
(Johnson 1983). Based on this definition, HTAP
resistance has been durable and therefore should
be widely used in breeding programs. Although
race-specific resistance genes are generally not
durable, these genes can be used in combination
to prolong their life span. Wheat cultivars with
more effective and durable stripe rust resistance
can be attained by combining HTAP resistance
with effective race-specific resistance.

Slow-rusting resistance

Although there are several definitions given for
slow-rusting resistance in the literature, the defi-
nition originally given by Caldwell (1968) and
followed by Parlevliet (1979) and Singh and
Rajaram (1992) is still descriptive. Slow-rusting
resistance was characterized as slow disease
development in the field despite a susceptible
infection type and by one or more resistance
components, such as longer latent period, smaller
uredinium size, low receptivity, and reduced
sporulation. Slow-rusting and HTAP resistances
are similar in that both are expressed mostly in
adult plants and are characterized by low disease
severity in the field. However, cultivars with
slow-rusting resistance have a susceptible infec-
tion type, while cultivars with HTAP resistance
have lower infection types than susceptible cul-
tivars. Slow-rusting resistance usually does not
include expression of a hypersensitive response,
while HTAP resistance involves some degree of
_hypersensitivity.

™ Slow-rusting resistance to stripe rust is present
in wheat cultivars. Stripe rust development is
much slower on the cultivars Heines VII and
Yamhill compared with susceptible cultivars.
This resistance is likely due to a longer latent
period for stripe rust sporulation. In field plots
these two cultivars had lower stripe rust severity

compared with susceptible cultivars, even though
the predominant races were virulent on the race-
specific resistance genes in both cultivars. In field
plots at Pullman, Washington, many Furopean
wheat cultivars such as ‘Cappelle Desprez’,
‘Vilmorin 23’ and ‘Hybrid 46’ have exhibited
slow-rusting resistance. Several spring wheat cul-
tivars, such as ‘Eden’, ‘Macon’, and ‘Scarlet’,
have consistently had susceptible infection types
but have rust severities lower than highly suscep-
tible cultivars. However, the slow-rusting resis-
tance in these cultivars is not as effective as the
HTAP resistance in the cultivars Alpowa, Express,
and Louise.

WHEAT STEM RUST

Distribution and epidemiology

Although not the most widespread or common
among the wheat rusts, stem rust of wheat can
potentially be the most damaging. In the US epi-
demics have been most frequent and severe in
spring wheat and durum wheat in the northern
states Minnesota, South Dakota, North Dakota,
and to a lesser degree in winter wheat in the
southern and central Great Plains states and the
Ohio Valley. Stem rust also occurs less frequently
in the Pacific Northwest region of Washington
and Idaho. Worldwide, stem rust is mostly found
in regions with a continental climate where
summer temperatures regularly exceed 25 °C.
Stem rust has caused losses in wheat in Canada
(Kolmer 2001b), the southern Cone of South
America (German et al., 2007), continental
Europe, the Indian Subcontinent, Australia (Park
2007), eastern Africa (Wanyera et al., 2006), and
China (Roelfs et al., 1992).

Stem rust appears as elongated blisterlike pus-
tules, or uredinia, most frequently on the leaf
sheaths of a wheat plant, but also on true stem
tissues, leaves, glumes, and awns (Color Plate 11).
On the leaf sheath and glumes, uredinia rupture
the epidermis and give a ragged appearance.
Masses of brownish-red urediniospores, up to
10,000 per day, are produced in the uredinia and
are easily shaken off plants. The uredinial stage is
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the most visible and is the disease stage on green
plants. Urediniospores are elongated, 10-15 um
long, and echinulate. The urediniospores are dis-
seminated to newly emerged tissues of the same
plant or adjacent plants, where these spores are
the source of new infections, or the spores can be
windblown over long distances. In the case of
long-distance dispersal, spore depositions on
crops in a new area are often associated with rain
showers. Stem rust pustules develop mostly on
the underside of leaves, but may penetrate and
sporulate on the upper side. In general, leaves of
adult plants are not as receptive as stem tissue for
stem rust infection. As infected plants mature,
uredinia are replaced by telia, changing color
from red to dark brown to black; thus the disease
is also called black stem rust. Teliospores are
firmly attached to plant tissue. The telial stage is
not important in the epidemiology of the disease
unless the alternate host common barberry (Ber-
beris vulgaris) 1s present.

The infection process and specialized infection
structures for P. graminis f. sp. tritici are the same
as previously described for P. triticina, except that
a 3-hour period of light is required following 68
hours of dew to complete the development of
appresoria and penetration peg. Spore germina-
tion is optimal at 15-24 °C, and can occur up to
30 °C. The optrimal temperature for sporulation is
30 °C and can occur up to 40 °C. A dew period
of 6 hours is optimal for spore germination and
the subsequent infection process (Roelfs et al.,
1992).

In the US, stem rust is rarely observed on
winter wheat in the fall. Infections on susceptible
cultivars are generally not obvious until the spring
after the wheat crop has reached heading. The
disease is most obvious when a crop is approach-
ing maturity. Infections of stem rust can severely
damage crops that are within 2 weeks of harvest.
Infections in winter wheat along the Gulf Coast
and-Texas in early spring are likely due to infec-
tions that survived the winter on fall-planted
winter wheat or volunteer plants (Roelfs 1989),
though field observations of overwintering events
are rare. Stem rust infections on wheat are usually
first observed in Texas and Louisiana in the last
two weeks of April or the first two weeks of May

and reach maximum severity by the middle of
May. ‘

Stem rust epidemics during and after the 1930s
were due to the presence of a large pathogen
population on winter wheat in the southern states
that was windblown to the spring wheat region in
the northern states and Canada. In years follow-
ing the 1950s epidemics, however, there has been
an increase of resistant cultivars in the southern
US. This has reduced the opportunity for the
pathogen to infect and overwinter in the south,
resulting in very small population size (Kolmer et
al., 2007a). There is only a small likelihood that
stem rust overwinters on fall-planted winter
wheat in the central Great Plains and the Midwest.
In the northern spring wheat regions, stem rust
occurs most frequently on susceptible wheat lines,
and the initial inoculum for the region is almost
exclusively from infected wheat in the southern
and central Great Plains. In Minnesota and North
Dakota, stem rust on wheat is usually first
observed in mid-to-late June, with maximum
severity in the last week of July or the first week
of August. In the Pacific Northwest where plants
of the alternate host common barberry are present,
both overwintering urediniospores and aecio-
spores can contribute to the initial infections, but
stem rust does not normally develop to epidemic
status in this region. Comparisons of area of dis-
tribution, optimal temperatures for infection and
growth, and alternate hosts for P. triticina, P.
graminis £. sp. tritics and P. strisformis f. sp. tritici
are summarized in Table 5.2.

Origin and historical importance

Although the origin of P. graminis f. sp. tritici, one
of the specialized forms in the P. graminis species
complex, is not clear, one or more of the suscep-
tible alternate hosts of Berberis spp. was the likely
source of the fungus (Leppik 1967). The rust
most likely evolved in a region where the aecial
and telial hosts overlapped (Wahl et al., 1984).
However, it is difficult to restrict the center of
origin to a specific region because of the large
number and broad distribution of susceptible
species of both the pycnial and telial hosts. Likely,
P. graminis £. sp. tritici originated on a close wild
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Table 5.2 Optimal temperatures for infection and growth, areas of distribution, and alternate hosts of Puccinia triticina
(wheat leaf rust), P. striiformis f. sp. tritici (wheat stripe rust), and P. graminis f. sp. tritici (wheat stem rust} in the US.

Infection temperature

Growth temperature

Distribution in US Alternate hosts

Puccinia triticina 15-25°C 20-30°C

Puccina strifformis  10-12°C 13-16°C
f. sp. tritici

Puccinia graminis  15-24°C 25-35°C

f. sp. tritici

Thalictrum
speciosissimum—
present in southern
Europe—not native
to North America

Common and- widespread in
Creat Plains, southeastern
US, Ohio Valley;

Lower incidence in northeast
and Pacific Northwest

No alternate host
found

Common and widespread in
Pacific Northwest, -
California, and Gulf Coast;
can be common and severe
in southern and mid-Great
Plains; lower incidence in
northern Great Plains and
northeastern US

Overwinters in south Texas
and Gulf Coast; infections
found on susceptible wheat
in Great Plains and
southeastern US; historically
most destructive in spring
wheat area of Great Plains

Berberis vulgare—
once common and
widespread—
currently present in
low numbers in
Creat Plains and
Pacific Northwest

relative of common wheat, such as emmer wheat
or a grass in the tribe Triticeae. It is not known
when stem rust was first established in wheat in
North America. Both wheat and susceptible Ber-
beris spp. were introduced by early settlers, and
the pathogen could have been introduced through
imported Berberis spp. that had stem rust infec-
tions, or urediniospores and teliospores on wheat
or barley straw, or urediniospores attached to
clothing and implements. The capability of stem
rust urediniospores to survive in transcontinental
air currents indicates that the introduction could
also have been a natural event.

In the early 1900s stem rust epidemics were

i frequent in the north central US and Manitoba

“and Saskatchewan in Canada, since all bread
wheat cultivars were susceptible and millions of
barberry plants were present in the Great Plains
region. Only durum cultivars had some resistance
to stem rust. Severe epidemics occurred in 1904,
1916, 1919, 1923, and 1927. The 1916 epidemic
is especially notable since the large yield losses
spurred the national barberry eradication program

in the US (Campbell and Long 2001). In 1919
losses of 20% in spring wheat occurred in North
Dakota and Minnesota, and 10% losses occurred
in the winter wheat grown in Nebraska and
Kansas. Even after the release of stem rust resis-
tant spring wheat cultivars, severe epidemics with
losses over 50% occurred from 1935 to 1937 and
1950 to 1954 due to the emergence of virulent
stem rust races (Kolmer 2001b; Leonard 2001). A
sustainable wheat industry could be maintained
in the Great Plains of North America only if stem
rust resistant cultivars were widely grown in both
the winter wheat and spring wheat regions. Since
the 1950s epidemics, the incidence of stem rust
has been greatly reduced, a cumulative result due
to the effect of barberry eradication in reducing
the number of stem rust races (Leonard 2001) and
the widespread planting of stem rust resistant
spring wheat and winter wheat cultivars through-
out the Great Plains region. Stem rust is virtually
nonexistent today in production fields, and is seen
almost exclusively in plots of susceptible winter
and spring wheats.
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The importance of stem rust in causing grain
yield losses in wheat is readily apparent since telia
of the fungus can be seen on the stems as the crop
matures. Stem rust infections rupture the host
plant epidermal tissue, causing an increased loss
of water. Nutrients and water diverted by the
fungus in the production of urediniospores also
contribute to added stress of wheat that can con-
tribute to premature death (Roelfs 1985). Stem
rust infected plants are more susceptible to win-
terkill, produce fewer tillers, and have small
heads. Lodging of plants caused by broken straw
can occur due to severe stem infections. Severe
infections in the last few weeks before harvest can
greatly reduce grain yield due to the loss of water
during the critical period of grain filling. Grain
from stem rust infected wheat is often shriveled,
which may reduce the market grade.

Taxonomy, life cycle, and host range

Wheat stem rust belongs to one of several formae
speciales in P. graminis. The fungus is heteroe-
cious, alternating between a telial host in the
Poaceae and an aecial host in the Berberidaceae,
and macrocyclic, with five spore states that are
distinct in morphology and function. Illustrations
of the life cycle of P. graminis f. sp. tritici can be
readily found in various monographs and text-
books (Roelfs 1985; Agrios 1997).

The dikaryotic (n+n) teliospore is the dormant
spore stage and germinates after breaking dor-
mancy, usually after overwintering. The fungus
has a brief diploid state when two nuclei fuse in
a germinating teliospore. Meiosis follows, pro-
ducing single-celled, hyaline haploid (#) basidio-
spores. Basidiospores are windborne to infect the
alternate host of susceptible species in Berberis
spp. and Mahonia spp. There are a large number
of species in Berberis and Mahonia listed as sus-
ceptible to P. graminis (Roelfs 1985), but the
common barberry, B. vulgare, is considered to be
the most important. After infection on the alter-
nate host, flask-shaped pycnia develop on the
upper leaf surface, producing single-celled pyc-
niospores (z) and receptive hyphae () that serve
as gametes. Fertilization occurs when a pycnio-
spore fuses with a receptive hypha of the opposite

mating type, resulting in dikaryotic hyphae (#+n)
that develop into a cluster of tubular or cuplike
aecia on the underside of the leaf surface. Aecio-
spores (n+n) are produced in chains in aecia and
are windborne to infect the telial hosts (grasses),
but do not infect the aecial host. After an infection
is established on a telial host, blisterlike uredinia
develop at the infection site. Urediniospores (n+n)
are produced as soon.as 7 days after initial infec-
tion. Urediniospores are continuously produced
in a sporulating uredinium for a sustained period
of up to several weeks as long as the host tissue
remains viable. The urediniospores are clonally
produced for a number of generations and initiate
new infections on the telial hosts. Under favor-
able conditions, urediniospores can reproduce
rapidly in wheat crops, generating large quantities
of inoculum. Teliospores are produced as the
wheat plants approach maturity.

In most areas where wheat stem rust is impor-
tant, the pathogen survives through the noncrop
seasons as mycelia in tissues of dormant crop
plants, volunteer plants, or alternative telial hosts
(Roelfs 1985). Urediniospores could also be trans-
ported from one region to another following the
succession of crops within an epidemiological
zone. Thus the disease cycle can be completed
without the presence of the alternate host. In
North America, P. graminis f. sp. tritici is found
primarily on common and durum wheat, barley,
foxtail barley (Hordeum jubatum), and jointed
goatgrass, although artificial inoculation can
induce infection on many other grasses.

Genetic variation in Puccinia graminis f.
sp. tritici

Race surveys of P. graminis f. sp. tritici have been
conducted in the US since 1919 (Stakman et al.,
1919). The initial set of differentials used to iden-
tify wheat stem rust races were the common wheat
cultivars Little Club, Marquis, Kanred, and Kota;
the durum cultivars Arnautka, Speltz Marz,
Mindum, Kubanka, and Acme; the emmers
‘White Spring’, ‘Khapli’; and diploid einkorn
wheat (7. monococcum ssp. monococcum). These
various wheats had multiple genes for stem rust
resistance and were gradually replaced by differ-
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entials with single genes in Chinese Spring or in
other backgrounds (Mclntosh et al., 1995). The
stem rust resistance genes present in the current
differential set used in the US and Canada include
Sr5, Sr6, Sr7b, Sr8a, Sr9a, Sr9b, Sr9d, Sre,
Sr9g, Sr10, Srll, Srl7, Sr21, Sr30, Sr36, and
SrTmp (Roelfs and Martens 1988). Wheat and P.
gramints f. sp. tritici interact in a gene-for-gene
manner (Loegering and Powers 1962; Green
1964); thus the frequency of races with virulence
to a resistance gene is related to the frequency of
virulence alleles in the rust pathogen.

The alternate host of stem rust, common bar-
berry, was prevalent throughout the north central
US in the late 1890s and early 1900s. Pycnial-
aecial infections on the barberry plants contrib-
uted to the initial inoculum and also to the race
- diversity of stem rust. The barberry eradication
program in the 1920s removed millions of bar-
berry from this region, thus delaying the initial
onset of epidemics in the spring wheat region via
reduction of initial inoculum and also reducing
the race diversity of stem rust (Campbell and
Long 2001). From 1919 to the 1950s, 10-38 stem
rust races were detected annually in the US,
whereas from the 1960s to the present time, fewer
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than 10 races were usually detected (Groth and
Roelfs 1987) (Fig. 5.3). The total amount of wheat
stem rust inoculum has been reduced since the
1960s due to the increased use of highly resistant
winter and spring wheat cultivars and of winter
wheat cultivars with shorter maturity, thus reduc-
ing late onsets of stem rust in the southern Great
Plains.

In 2006 a single:race designated as QFCS
accounted for 25 of the 27 total collections, along
with single collections of race MCCD (= race 56)
and race TTTT (Long et al., 2007). Race QFCS
is widely avirulent on many of the Sr genes com-
monly present in spring and winter wheat in the
US. The combination of smaller population size
and the lack of sexual recombination has stabi-
lized selection of races in the wheat stem rust
population and thus has made the resistance of
the Sr genes much more effective and durable.
The use of highly resistant wheat cultivars in
Australia (Park 2007) has reduced the number
of stem rust races and the overall levels of

inoculum.

Roelfs and Groth (1980) determined in 1975
that there were six distinct groups of P. graminis
f. sp. tritici races in North America. Races in each
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group were highly related for virulence yet
were very distinct from other clusters. Burdon
and Roelfs (1985) showed that isozyme variation
in wheat stem rust populations was completely
correlated with the race groupings. The dis-
tinct groups of wheat stem rust races that were
described in 1975 in North America were likely
ancestral groups of races that existed before
barberry eradication. Removal of the sexual
cycle would have prevented any further genetic
exchange between the different groups of races.

In 1999 a new stem rust race initially desig-
nated as Ug-99 was found in Uganda (Pretorius
et al., 2000). This race was notable since it was
the first to have virulence to gene Sr3/. Race
Ug-99 (designated as TTKS on wheat stem
rust differentials) was also virulent to gene S738.
Gene Sr3/ is found in about 30% of CIMMYT
germplasm, and 5738 is present in European,
Australian, and a few CIMMYT wheats (Singh
et al., 2006). In addition to these virulences, Ug-
99 is virulent to a number of other Sr genes
present in US spring and winter wheat (Jin and
Singh 2006). As of 2007, Ug-99 was found in
Uganda, Kenya, Sudan, Ethiopia, Yemen, and
Iran. This stem rust race has the potential to
spread through the Middle East and then to India
and Pakistan, where it could cause devastating
grain yield losses in wheat. Since it is widely viru-
lent to many wheat cultivars in this region, it will
be imperative to find sources of resistance and
incorporate these into current wheat breeding
programs.

Stem rust resistance in wheat

In the early part of the 20th century, wheat breed-
ing in the spring wheat region of the northern
Great Plains was largely a struggle against stem
rust, the most important disease of wheat at the
time. Marquis was the most widely grown spring
wheat cultivar in the north central US and in
Canada. Marquis, developed by the Canada
Department of Agriculture in Ottawa and released
in 1907, had early maturity and was popular with
the mulling industry since it was the first high-
quality bread wheat developed in North America.

However, Marquis and the other bread wheat cul-
tivars were very susceptible to both stem rust and
leaf rust. The stem rust epidemics of the early
1900s caused such losses that durum wheat, which
was generally resistant to stem rust, had replaced
bread wheat in Minnesota. Efforts were thus
made to develop bread wheat and durum wheat
cultivars that were resistant to stem rust.

The first hard red spring wheat bred for stem
rust resistancé in North America was ‘Ceres’,
released by the North Dakota Agricultural Exper-
iment Station in 1926 and grown in both the US
and Canada. Ceres was developed by crossing the
stem rust resistant wheat cultivar Kota with
Marquis, and selecting stem rust resistant
progeny. However, stem rust race 56, with viru-
lence to the resistance in Kota and Ceres, increased
throughout the Great Plains region after the
release of Ceres. Widespread epidemics of stem
rust on Ceres occurred from 1935 to 1947 due to
the increased presence of race 56.

Ceres was largely replaced by Thatcher wheat,
developed by the Minnesota Agricultural Experi-
ment Station and released in 1935. Thatcher was
developed from a cross between two lines, derived
from Kanred/Marquis and from Iumillo durum/
Marquis, which combined the good quality char-
acteristics of Marquis with stem rust resistance in
Kanred (875, S7/6) and Iumillo durum (S79¢ and
Sr12) (Kolmer 2001b). The Thatcher resistance
of 875, Sr9, Sr12, and Srl6 was highly effective
against race 56 and the other stem rust races.
Many cultivars subsequently released in Canada
and the US were derived from Thatcher (Kolmer
et al., 1991). None of the known race-specific
genes in Thatcher could account for the adult-
plant field resistance in Thatcher, which became
apparent with the increase of stem rust races with
virulence to the seedling genes in Thatcher. The
adult-plant resistance in Thatcher appeared to be
nonspecific and durable (Kolmer et al., 1991).
Genetic analyses indicated that stem rust resis-
tance in Thatcher was complex. At least two
genes that condition resistance in adult plants
were likely derived from ITumillo durum and were
independent of the race-specific genes (Nazareno
and Roelfs 1981; Gavin-Vanegas et al., 2007).
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Other undesignated race-specific seedling resis-
tance genes were also detected in Thatcher
(Nazareno and Roelfs 1981; Knott 2000).

Another source of stem rust resistance in spring
wheat during that period was the adult-plant
resistance gene S72, derived from Yaroslav emmer
(Mclntosh et al., 1995). The stem rust resistant
cultivar Hope and the breeding line H-44 were
developed by selecting progeny from a cross
between Marquis and Yaroslav emmer. Breeding
line H-44 was subsequently used as a parent in
breeding programs in Canada. The resistance
conditioned by S72 is characterized by fewer ure-
dinia and lower overall severity of stem rust at
maturity. The cultivar Renown réleased in 1937
was the first stem rust resistant. cultivar with S72
to be released in Canada. Cultivars with S72 were
resistant to race 56 and the other stem rust races
then present. Gene Sr2 is present in wheat culti-
vars in Australia and the CIMMYT program
(MclIntosh et al., 1995) and in Canadian cultivars
(Liu and Kolmer 1998a). Gene S72 is present in
some hard red winter and soft red winter cultivars
in the US (Roelfs 1988) since Hope was used as
a parent in these programs.

From 1950 to 1954 race 15B of wheat stem rust
was widespread in the Great Plains region. This
race caused high stem rust severities on spring
wheats with S72 and the Thatcher stem rust resis-
tance. In 1954 yield losses in spring wheat were
over 40% in North Dakota and reached 18% in
Minnesota. In response to race 15B, the cultivar
Selkirk with genes Sr2, Sr6, Sr7b, Sr9d, Sr17,and
Sr23 was highly resistant to race 15B and was
released in 1954 by the Canada Department of
Agriculture. Selkirk was widely grown through-
out the spring wheat region of the US and Canada
through the 1960s. The Sr6 gene was particularly
effective against race 15B and was actively selected
in spring and winter wheat breeding programs in

.. the central and northern Great Plains. The gene

is also present with high frequency in CIMMYT
germplasm. The widespread use of Sr6 likely
contributed to the rapid decline of race 15B in
North America in the late 1950s. Wheat cultivars
from Kenya also had Sr6. The cultivar Chris was
released by the Minnesota Agricultural Experi-
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ment Station in 1966 and was the first US cultivar
to have S76.

The resistance derived from Hope, Thatcher,
and Sr6 was the main component of stem rust
resistance in the spring wheat region from the
1930s through the 1970s. However, the frequency
of Sr2-and of the Thatcher adult plant resistance
has apparently declined in current cultivars given
the following observations. Thatcher was moder-
ately resistant to race TTKS (Ug-99) (Pretorius
et al.,, 2000) in field tests in Kenya where race
TTKS has been predominant. The Thatcher
stem rust resistance is also expressed in seedling
plants, but seedling tests with race TTKS failed
to detect the Thatcher type of resistance in spring
wheat cultivars from the northern Great Plains
released between 1996 and 2005 (Jin and Singh
2006). Stem rust race TPMK, which became
common after the decline of race 15B (Fig. 5.3),
produces moderate to high infection types on
seedling and adult plants of Thatcher. Selection
of stem rust resistant germplasm in breeding pro-
grams based on resistance to TPMK could have
placed higher selection pressure on the low infec-
tion types conditioned by race-specific genes such
as Sr6 and Sr9 than on the nonspecific resistance
derived from Thatcher. Resistance due to Sr2
also appeared to be absent in these cultivars. The
absence of S72 in spring wheat was likely associ-
ated with intense breeding for Fusarium head
blight (caused by Fusarium graminearum) resis-
tance, for which a major QTL is located on chro-
mosome 3BS (Anderson et al., 2001) in close
repulsion linkage with S72 (Spielmeyer et al.,
2003).

High levels of stem rust resistance in hard red
winter wheat, in combination with early maturity,
have had an impact in reducing the P. graminis
population size in North America. The stem rust
resistance gene Sr7mp, derived from ‘Triumph
64’, was likely present in some of the initial hard
red winter wheat germplasm (Roelfs and McVey
1979). This gene was effective against the major-
ity of stem rust races in North America, but race
56 and race 15B were virulent to Sr7mp. The
resistance conditioned by Sr7mp, combined with
the early maturity of the Triumph background,
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may have contributed to reducing the amount of
stem rust present in winter wheat. The Sr7Tmp
gene is present in several current cultivars (Jin
and Singh 2006) and in nearly 10% of breeding
lines in the hard red winter wheat region. Other
major components of stem rust resistance in hard
red winter wheat are $724 and resistance derived
from the 1RS.IAL wheat-rye translocation.
Originally derived from Thsmopyrum ponticum,
S724 has been common in hard red winter wheat
cultivars since the release of Agent in 1967, and
to a lesser degree in soft red winter and spring
wheat cultivars. Stem rust races with virulence on
Sr24 have not been detected in North America,
and the gene is currently present in nearly 50%
of the current hard red winter wheat breeding
lines and cultivars. Because Sr24 is tightly linked
with Lr24 (MclIntosh et al., 1995), selection for
leaf rust resistance produced lines with stem rust
resistance. The IRS.1AL translocation in ‘Amigo’,
with the rye chromosome introduced from ‘Insave
F.A. rye via a triticale with greenbug resistance
(Sebesta et al., 1994), gives effective resistance to
stem rust races in North America as well as to race
TTKS.

Derived from Petkus rye, Sr3/ is on the
IRS.IBL wheat-rye translocation with Lr26 and
Yr9 (Mclntosh et al., 1995). Gene Sr3/ is present
in some current hard red winter wheat cultivars
and in a few soft red winter wheat cultivars in the
US, and is present in CIMMY T-derived wheat
cultivars that are grown worldwide. This gene
provided a very high level of resistance to all
known stem rust races prior to the emergence of
TTKS in Uganda in 1999. Derived from T.
timopheevi, Sr36 is the most common stem rust
resistance gene in soft red winter wheat in the US
and has been an important source of resistance in
Australia (Mclntosh et al., 1995). In addition,
8736 conditions resistance to the current stem
~_rust races in the US as well as race TTKS (Jin
and Singh 2006).

Genes Sr9, Srll, and Srl7 are also present in
spring and winter wheat in North America. Gene
S79b is closely linked with Lr/3 and is present in
several spring wheat lines that were selected for
leaf rust resistance from Frontana. Virulence to
Sr9h is common in stem rust races in North

America. Virulence to Sr// is present in North
America and Australia. The origin of Sr/7 is
assumed to be Yaroslav emmer; thus it may also
be present in wheats with S72, though many stem
rust races are virulent to this gene.

In-Australia wheat cultivars with Sr24, Sr26,
S730, Sr36, and Sr38 have been released in the
past 40 years (Park 2007). Gene Sr26 is derived
from Th. ponticum, is present only in Australian
cultivars, and stenr rust races with virulence to
this gene have not been detected. Gene Sr30 is
present in a number of Australian cultivars and
also CIMMYT germplasm (Mclntosh et al,,
1995). Gene S738, derived from T. ventricosa, is
linked with Lr37 and Y7/7 and was selected in
Australian germplasm based on resistance to all
three rusts. Currently gene designations up to
Sr46 have been given for stem rust resistance
genes in wheat (Mclntosh et al., 2007).

FUTURE PERSPECTIVES

The emergence of new races of wheat leaf rust,
wheat stripe rust, and wheat stem rust continually
challenge wheat breeders and plant pathologists
to develop effective sources of durable resistance
to these pathogens. The eventual cloning and
sequencing of genes such as Lr34/YrI8 and Sr2
will provide greater insight into how these non-
specific resistance genes function, thus offering
the potential of designing new resistance genes
that will offer greater resistance durability. These
genes will likely differ for functional domains and
specificity in comparison with the race-specific
NBS-LRR resistance genes.

The discovery that the herbicide glyphosate
(Anderson and Kolmer 2005) greatly reduces rust
infections in glyphosate-resistant wheat is an
exciting development that could be utilized
immediately to reduce losses in wheat due to
rusts, and it may lead to other transgenic strate-
gies to design rust resistance genes or genes for
tolerance or resistance to chemical applications in
wheat. The characterization of avirulence genes
in flax rust (Melampsora lini) and the correspond-
ing resistance genes in flax (Linum usitatissimum),
and an understanding of how their coded func-
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tional proteins interact (Dodds et al., 2007), will
lead to greater understanding and potential
exploitation of gene-for-gene specificity in the
wheat rusts. Of course any of these strategies will
depend on the eventual governmental, regulatory,
and consumer acceptance of transgenic wheat.

In the meantime the frequency and severity of
rust epidemics on wheat can be reduced by greater
utilization of resources that are already available.
Diagnostic markers for genes such as Lr34/Yr18
should greatly simplify selection of these genes,
potentially allowing genes with durable rust resis-
tance to become fixed in wheat germplasm.
Increased planting of wheat cultivars with high
levels of leaf rust resistance in the US, and removal
of susceptible cultivars, will reduce the size of the
P. triticina population that regularly overwinters,
thus reducing the chance of mutation for increased
virulence to newly deployed resistance genes.
Australia has adopted minimum disease standards
for release of wheat cultivars (Wallwork 2007),
with the specific goal to reduce the amount of rust
inoculum and thus prolong the effective life span
of a rust resistance gene by reducing the chances
of new virulent races emerging. The effectiveness
of this approach can be seen in comparing the
effective life span of Lr24 in the US versus Aus-
tralia. In the US, virulence to Lr24 appeared
almost immediately after the release of cultivars
with this gene, while in Australia races of P. tri-
ticina with virulence to Lr24 did not appear until
17 years after cultivars with this gene were first
grown (Park et al., 2002). Genes Lr! and Lrl3
have also been much more effective in Australia
compared with the US due to the greater use of
highly resistant cultivars and the reduced size of
the P. triticina population.

For the stem rust race Ug-99, the challenge
will be to incorporate S72 into wheat germplasm
in regions where this race poses an immediate
threat. This gene was common in older CIMMYT
wheat cultivars such as Pavon 76, but more recent
germplasm releases appear to lack S72. Although
Ug-99 is virulent to many genes that were origi-
nally derived from hexaploid wheat, several genes
d.erived are from wild wheat relatives that condi-
tion resistance to this race. It should be feasible
to add these genes into wheat germplasm by using

tightly linked molecular markers and testing with
avirulent stem rust races.

The reproductive capacity, long-distance aerial
dispersal, and high degree of genetic variation in
the wheat rust fungi almost certainly ensure that
new races with virulence to important and widely
used resistance genes will continue to arise and
pose a threat to wheat production. Ultimately
losses due to these pathogens can be avoided only
by continued vigilance by wheat breeders and
plant pathologists.
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